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ABSTRACT
This thesis discusses the development and evaluation of an interpretive advecto-diffusive
model for the one-dimensional horizontal capillary infiltration in columns of uniform dry sand.
The soil used to perform the experiments was New Jersey Fine Sand (NJFS). The NJFS columns
were prepared by dry pluviation. The cross sections of the NJFS columns were either circular,
square or an open channel. The NJFS columns were wetted with either water or Soltrol 220 at
different inlet heads, and, both the wetting front advance and the cumulative infiltration were
registered with time. 28 infiltration tests (17 with water, 11 with Soltrol 220) were performed.
The advecto-diffusive model, which was developed by combining the Green - Ampt model
(Lambe, 1951) and the Moisture Diffusion Theory (Bruce and Klute, 1956), was employed in
modeling of suction curves during wetting. The modeled suction curves during wetting for NJFS
and water showed excellent agreement with the independently measured soil moisture - suction
curves during drying.
The influence of the inlet head on the rate of advance of the wetting fluid and on the average
wetting fluid saturation was investigated. As a result, a technique of determining the air-entry
head for water and Soltrol 220 from "No Advection" conditions was developed. It is proposed
that the 1 -D horizontal infiltration is advecto - diffusive or purely advective, for inlet heads
ranging from the air-entry suction head to positive heads.
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Chapter 1.
INTRODUCTION
1.1. Liquid Transfer in Soils.
The processes in which liquids enter the ground and infiltrate further in depth and width,
are everywhere around us. Such processes may be due to natural causes such as rainfall with
subsequent in-depth and lateral moistening of the topsoil or they can be induced by the
activity of people, some of the most unfortunate examples of which include chemical spills,
leading to soil and groundwater contamination.
Most of the contaminants presently dealt with in the subsurface are non-aqueous liquids
(NAPLs), which are divided in two large groups based on their density. Figure 1 shows
conceptually the difference in their transfer through the ground. The dense non-aqueous
phase liquids (DNAPL) are heavier than water and easily displace it to reach deep below the
groundwater table. The light liquids (LNAPL) on other hand are lighter than water, thus they
cannot displace it and upon reaching the groundwater table, spread laterally to form a pool
in the capillary fringe area. Additional spreading of both LNAPLs and DNAPLs with the
groundwater flow, evaporation and/or dissolution in water may occur, thus enlarging the
domain affected by contamination. A common element in the transfer of both NAPLs
illustrated above is the passage through a zone of varying water presence below saturation,
extending from just under the topsoil to the groundwater capillary fringe, called the vadose
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zone. Driven by gravity and by the wetting affinity of the liquid toward the soil, the
contaminants spread both vertically and laterally in the vadose zone.
The description of fluid movements in and out of the vadose zone both by quality and
quantity is a present day challenge. This is because the soil in the vadose zone, a multi-phase
system, exhibits a great complexity of relationships between the separate phases (solids,
water, gas, NAPL). The need to meet the challenge of studying fluid movements in the
vadose zone is emphasized by the great importance of the vadose zone as a domain of plant
life and groundwater replenishment.
1.2. Scope and Objectives of Research.
Generally, liquid infiltration into soil consists of movement and retention, which, in their
turn, are governed by the interaction between the soils and the liquids. Different aspects of
this interaction have been investigated previously, including ion exchange, adsorption,
dissolution, hydraulic fracturing of rocks, shrinking of clays, ground heaving upon wetting,
thermal expansions, phase changes, radiation and heat transport, etc (Tindall and Kunkel,
1999). In nature, the processes of soil - liquid interaction, may be coupled and thus occur
simultaneously. In addition, the processes on different scales may essentially overlap, e.g.,
the electrostatic attraction on a molecular or crystal level, on lab or field scale may be
exhibited as a suction head/pressure on a laboratory or field scale, causing a liquid to enter
and/or permeate given soil.
This complexity of the soil - liquid interaction, combined with the great uncertainty of
the field conditions and the cost of investigation at this level, often make laboratory
experiments the only means of obtaining essential information about infiltration in the
vadose zone. This research focuses on developing, and experimentally testing, a theoretical
model for describing one-dimensional, horizontal capillary induced infiltration in uniform
dry sands. The research objectives are, first, to gather more data about the capillary induced
infiltration; second, to investigate the results from existing theories (Green - Ampt model,
Moisture Diffusion Theory) and integrate them into an unified model of l-D horizontal
infiltration into an initially dry sand; and third to experimentally and numerically verify the
new model by employing it in computation of the suction curve at wetting and comparing
the prediction with results from relevant suction measurements.
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1.3. Outline of Research.
The research is comprised of five chapters. Chapter 2 is theoretical and includes
background information on wetting and suction potential of soils, and an overview of the
Green - Ampt model and the moisture diffusion theory, together with previous research
results. Chapter 3 deals with the interpretation of previous results, and the integration of the
advection and diffusion into one, advecto-diffusive model of the horizontal infiltration. The
establishment of the boundary between advection and diffusion as well as evaluation of the
air-entry pressure from the infiltration experiments is also discussed in this chapter.
Chapter 4 contains information on the experimental procedure. The properties of the
materials - sand, water and Soltrol 220, specimen preparation, results from the preliminary
tests, detailed experimental procedure and initial data assessment are presented here.
Chapter 5 discusses the results from the infiltration experiments and presents the
estimation of the air-entry pressures for water and Soltrol 220, and a comparison between
the calculated and measured suction curves.
Chapter 6 contains a summary of the results and conclusions of the study and
recommendations for future work.
- 15 -
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Chapter 2.
EXISTING THEORIES FOR WETTING FRONT
INFILTRATION
2.1. Introduction. Wetting. Suction Curves.
Soil is a complex system that consists of several components that interact in close, and
frequently coupled, relationships. In the conceptual sketch, shown on Figure 2, the soil mass
is a multiphase system, which consists of a solid matrix of mineral grains of various sizes
and shapes, and pores, filled partially or fully with fluids, such as air, water, oil, etc. Often
immiscible, the different liquids displace each other from the pore space during their
transport through the soil. The fluid displacement is affected by the force or pressure
discontinuity that exists at the fluid - fluid - soil solids boundary, and is conceptually
similar to the case of capillary rise on Figure 3. In this case, the interface tension, acting
tangentially on the concave meniscus, pulls the water into the capillary tube, displacing the
air, previously occupying the space. The water, said to "preferentially wet" the surface of the
capillary tube, infiltrates, driven by the negative pressure discontinuity, termed capillary
pressure or capillary suction. The capillary suction is a bulk parameter for this particular
system, which is determined both by the properties of the fluids and the geometry of the
medium (Tindal and Kunkel, 1999):
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2a- cos (p
PC = ~- (2.1),
r
where , o, and r refer to the interfacial tension and interfacial wetting angle at the water-
air-tube boundary, and the radius of the tube, respectively. In this example, the water
saturation of the tube behind the wettingfront, i.e., the boundary at which the fluid
displacement occurs is full, S=100%.
As noted, the subsurface conditions bear only conceptual resemblance with liquid
behavior in a capillary tube. The subsurface geometry is not as simply and clearly defined as
in the case of capillary tubes, and consists of interconnected voids of various shape and
volume. In addition, the motion of the displacing fluid is also hard to specify, except for the
fact that it creeps in along the solid surfaces. Thus, air may not be fully displaced from the
pores. Air bubbles, like the ones on Figure 4, may be encircled and trapped by the displacing
wetting liquid, and there will not be a zone of full saturation behind the wetting front as in
the case of capillary tube.
The boundary between an air bubble and the surrounding liquid is a closed spherical
surface. Equation 2.1 is modified for the new conditions:
2c-
M = -~-- (2.2a),r
with r being here the radius of the bubble surface. The Vm is referred to as the matric
suction, which acts as compression on the air bubble, and as tension on the surrounding
fluid. The matric suction is a bulk parameter and is used to quantify the ability of the wetting
liquids to propel on their own within, and into, the soil, since, due to great complexity and
uncertainty in geometry and surface properties, the intrinsic parameters CT and rK cannot be
measured. Knowing the liquid unit weight, Yv, Vf,, may be expressed as hm, termed matric
suction head:
V/M 2a-hm - /V r (2.2b),
The content of displacing fluid, expressed volumetrically, 0, gravimetrically, w, or in
terms of saturation, S, is the other system parameter, which, correlated to either yi or h,
describes the wetting capabilities of, and the suction generation, by liquids in soils.
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Referring to Figure 4, with the increase of the volume of the fluid, the air bubble is further
compressed, thus r decreases and, with u-unchanged, V,, and h, increase (Eqs. 2.2a, b).
Measured and plotted on a graph, the correlation between the liquid content and the matric
suction is commonly referred to as the suction curve. As said above, measured suctions
depend on the pore geometry, which is, by convention, expressed in terms of porosity or
void ratio. As a result, the same soil particles and liquid systems have different suction
curves for different soil porosities.
The suction curves are frequently used in today's practice for quantifying both the
wetting and drying of soils. Figure 5 presents examples both for suction curves during
drying and wetting of a uniform and homogeneous soil (like the sand used later in the
experimental part of this study). Both suction curves on Figure 5 consist of three zones, the
first is one of relatively high saturation at low suctions, followed by the second, where the
saturation drops rapidly as the suction increases, and by the third, where the saturation levels
off at very high suctions. The boundary point between the first and the second zones marks
the beginning of the saturation drop and is referred to as air entry point, and the
corresponding volumetric liquid content and matric suction head are called air-entry
content, 0a, and air-entry head, h. The second zone of the suction curves measured during
drying and at wetting approximately coincide since all pores are presumably of roughly
equal size and shape, and therefore, they fill in or empty simultaneously at the same suction.
The difference between the first and the third zones for drying and wetting, respectively, is
due to the fact that the wetting angle is hysteretic (Tindall and Kunkel, 1999), i.e., that V
during drying is greater than the V during wetting.
The suction curves are micro-scale descriptive tool for the process of suction generation
within the pore space. Upon introducing a wetting liquid to the soil, the macro scale result of
the suction generation is that the displacing fluid will infiltrate into the soil, with a rate of
advance, governed on one hand, by the applied and generated pressures, and on the other, by
the conductivity of the medium with respect to the fluid. The presently existing theories,
namely the Green - Ampt model, and the Moisture Diffusion Theory, which describe the
one-dimensional infiltration, are considered in the following two sections.
- 19-
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2.2. Green - Ampt Model.
2.2.1. Derivation.
The model, developed by Green and Ampt in 1911, is one of the earliest in the
investigation of wetting front infiltration. The model considers liquid infiltrating into semi -
infinite column, for which:
a) The soil under consideration is homogeneous with respect to water retention and
transmission properties.
b) A distinct and precisely definable wetting front exists.
c) The matric suction at the wetting front remains constant throughout the
infiltration.
d) The soil is uniformly wet behind the wetting front.
The model considers laminar flow conditions, negligible gravitational effect, and head
distribution, characterized by constant gradient zone, referred to as transmission zone, and
front zone, in which the gradients increase rapidly. Figure 6 shows the assumed conditions.
A Darcy-type equation is written for the front advance(Lambe 1951, Tindall et al. 1999):
dQ = h - hc (2.3),
dt X
where Q is the cumulative infiltration per unit cross-sectional area, ks is the hydraulic
conductivity of the transmission zone at a volumetric liquid content of , ho is the applied
head at the column inlet, h' is the effective suction at the wetting front required to produce
constant gradient over the wetted length, X, and t is elapsed time.
The cumulative infiltration per unit cross-sectional area is related to the front position:
Q = O.X (2.4)
Considering Eqs. (2.3) and (2.4), and assuming that the saturation remains constant with
time, Eq. (2.1) is modified:
dX __--h0 =ks ho (2.5)dt X
Integrating Eq. (2.5) with consideration of the initial conditions, i.e.. at tsO, 0=0, X = 0,
gives:
- 20-
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, 2ks.(ho - h' t Dt
X = x (2.6)
X= -.5 hs-h jx (2.7)0
The model predicts a front advance that is linear vs. the square root of time. The
coefficient Sx is termed sorbtivity (here - sorbtivity by front advance) and has the units of
L. T Philip (1957) proposed the following formula for the sorbtivity in the case of entirely
capillary induced infiltration, i.e., at zero inlet head:
S x 
- (2.8)
where a, and p are the interfacial tension and the wetting angle at the liquid - air - soil
interface, and the viscosity of the fluid, respectively. The parameter s is the intrinsic
sorbtivity and represents the structure of the medium.
The coefficient Dx is termed diffusivity by front advance and has units of L2.T2 The
relationship between Dx and Sx is:
DX = S (2.9)
Differentiating (2.7) once over time yields the rate of front advance, dX/dt:
dX _ S, _ 2.ks._h 0 -h 1
dt ~2.Ji 0 2. S210
which is infinite at the initiation of the infiltration and converges to zero as the
infiltration continues.
The cumulative infiltration per unit pore area, I, is another way of describing the
infiltration. It is related to the cumulative infiltration per unit cross-sectional area, Q, as:
Q =(2.11),
n
and denotes the imaginary position of the wetting front if the saturation of the column
behind the wetting front. S. were 100 %. Observation of both X and I during an infiltration
experiment allows the average column saturation to be inferred since I and X are related as:
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I = X.S (2.12)
Combining Eqs. (2.3) with (2.8) and (2.9) leads to similar equations and coefficients for
the cumulative infiltration:
I2 =2ks .S.(ho t =Dt (2.13)
n
= 2.ks.S.(h0 -h VT= s0 (2.14)
n
Similarly to S1 and D, are termed sorbtivity by cumulative infiltration and diffusivity by
cumulative infiltration, respectively and their units correspond to Sx and Dx, respectively.
Equations (2.6) and (2.7) are equivalent to Eqs. (2.13) and (2.14) because of the
relationship between the sorbtivity and diffusivity coefficients, for example:
Si S.SX (2.15)
Di =S 2.DX (2.16)
From Equation (2.14), the infiltration gradient is:
dI S1. 2.ks.Sh 0 -h') 1
- -(2.17)
dt 2.Vt n 2.Vt
dX
and similarly to ranges between infinity and zero with the elapsed time, t.dt
2.2.2. Research Results
2.2.2.1. Lambe (1951).
The Green-Ampt Model is the core of the method for unsaturated conductivity
measurements proposed by Lambe (Lambe 1951). Lambe's method involves solving
d(X2)
Equation (2.6) for ks and h', at two values of ho, with the slopes being experimentallydt
determined from a I-D infiltration experiment. The implicit assumption of the method is that
both S and h', do not change during the experiment. Figure 7 presents results of one such
experiment (test 11E), which was started at h0=35 cm, and after t=215.25 min, continued at
ho=182.7 cm. The figure shows the slopes of the X2-t lines to be constant at each inlet head.
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The total head measurements made during the same experiment are shown on Figure 8,
where lines A refer correspond to h0=35 cm, and lines B - to h0=182.7 cm. The head
distributions are in very good agreement with the initial postulations of linear gradient in the
transmission zone and a rapid suction increase in the front zone. The moisture distributions
obtained from two other experiments (tests IC and III D) are shown on Figure 9, where the
horizontal axis denotes the distance back from the front. The plot indicates an approximately
uniform column saturation of 70-80 % in the transmission zone and abrupt decrease of the
water content in the front zone, which is in agreement of the initial postulations.
2.2.2.2. Babu and Fox. (2000).
Babu and Fox. (Babu and Fox. 2000) took Lambe's work step further by performing
radial horizontal infiltration tests and comparing the results for ks and h', with the ones from
linear tests. Their radial infiltration device is shown on Figure 10 and consists of thin box
uniformly packed with sand, where water is introduced through an inlet port in the center.
The radial advance of the front is registered and plotted in two forms, R vs. t and R2 vs. t.
One such plot for Ottawa Sand, typical of the results Babu and Fox. register, is shown on
d(Rk)Figure 11 and reveals constant - slopes at each inlet head. The authors conclude that
dt
"...the parameters, capillary - induced conductivity (ks), and capillary head, (h',), obtained
from radial horizontal capillarity are in good agreement with those obtained from linear
horizontal capillarity tests...". The work of Babu and Fox. (Babu and Fox. 2000) suggests
that the Green - Ampt model is applicable to both linear and radial I-D cases.
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2.3. Moisture Diffusion Theory
2.3.1. Derivation.
The Green-Ampt model is based on the explicit assumption that the saturation of the
column behind the wetting front is uniform - both with time and space. This is a
simplification that allows the infiltration to be approximated with an unsaturated advection.
In reality, with the propagation of the liquid in the soil, the liquid content changes both with
the wetted length and with the time, i.e., the liquid content has both spatial and temporal
gradients. The Green - Ampt model does not address this phenomenon and the need of more
adequate description of the wetting front infiltration in soils has led to the development of
the Moisture Diffusion Theory (Bruce and Klute 1956, Nielsen et al., 1962).
The diffusion approach considers an elementary volume of soil, as the one shown on
Figure 12, having a volumetric liquid content of 0 and hydraulic conductivity K(O),through
which a liquid permeates unidimensionally over a period of time dt. Assuming no
evaporation or chemical reactions between the soil and the liquid, flow continuity requires
that (Sendov 1983):
Q,(x) = Q,(x + dx )+ dQ, (2.18)
where Qt(x) is the incoming volumetric flux, Q(x+dx) is the outgoing volumetric flux, and
dQ, is the moisture volume retained by the soil element. Expressing Q, (x+dx) as:
Q,(x + dx)= Q,(x)+ dQ, (2.19)
and combining with Eq. (2.18) produces:
dQV = -dQ, (2.20)
In other words, the increment of the retained volume is equal to the decrement in the
transported one. The increment of the retained volume is expressed in terms of change in the
volumetric water content:
dQV = dO.dV = dO.dxdv.dz (2.21)
Assuming validity of the Darcy's Law, the transported volume is:
ah
(IQ, -= -K ).- .dy!z.dt(.Ox
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with h denoting the total hydraulic head, which is the product of both the applied head
and the matric suction of the soil. In the particular case of zero inlet head, the total head
coincides with the suction head of the soil, h -=h,. Assuming that h is a single valued
function of 0 and employing the chain rule of calculus leads to:
ah h O( .
ax (2.23)
Combining Eqs. (2.21), (2.22) and (2.23), differentiating with respect to x and t and
disregarding infinitesimal values of higher order yields:
ao-= K(). ah(224)
at ax (O aoax
The assumption that K and H are single valued functions of 0 allows the hydraulic
diffusivity, D(O), to be introduced:
D (O)= K (O) a- (2.25)h
The substitution of Eq. (2.25) into (2.24) produces the differential Moisture Diffusion
Equation (MDE) similar in form to other diffusion equations, e.g., Fick's law of molecular
diffusion or Fourier' law of heat transfer (Sendov 1983):
ao - D (0 ) (2.26)
at ax ( ax
The MDE is parabolic partial differential equation. Boltzman (Bruce and Klute 1956,
Nielsen et al., 1962), has shown that the solution of this type of equations must contain the
variable:
B() X(2.27)
Considering initially dry soil, the solution (Bruce and Klute 1956, Nielsen et al., 1962)
of Equation (2.26) with respect to D(O) is:
I Ox
D 
. fB( 1O (2.28)
2 -0
dB )5
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Expressed in terms of X and t at constant time, i.e., at the moment of termination of the
experiment, Eq. (2.28) reads (Nielsen et al., 1962):
2t d .JxO)d (2.29)
- - - 0
d)X
with boundary conditions:
0=0 X >0 t =0
O=n X =0 t >0 (2.30)
The analytical evaluation of D(9x) is difficult if not impossible. The next section
discusses results from some of the previous investigations that employ numerical analysis
based on experimentally obtained 6(x) curves.
2.3.2. Research Results
2.3.2.1. Bruce and Kute (1956)
Bruce and Klute (1956) were the first to experimentally investigate the moisture
diffusion theory and to attempt to numerically obtain the values of the function D=D(0).
They performed a series of horizontal infiltration experiments at zero inlet heads for three
different types of porous media, namely Bloomfield Sand, 50-250 pLm Mason County Fine
Sand and 75ptm glass beads. The experimental set-up employed by Bruce and Klute is
shown on Figure 13 and consists of stack of I cm glass rings with internal diameter (i.d.) of
2.2 cm, to which an inlet chamber, flooding line with funnel, and inlet line with calibrated
glass tube for inflow measurement are attached.
Some of the moisture distributions, obtained by the authors, are shown on Figure 14. The
initially dry columns exhibit similar moisture distributions for all of the above-mentioned
dO
soils, namely, full saturation at the inlet port, very sharp, apparently infinite gradient - at
dx
the front, transmission zone of nearly constant moisture content, and, with the possible
exception of the 75ptm glass beads, a zone adjacent to the inlet, where the moisture
distribution is concave upward. As indicated by Figure 14d, for the Bloomfield Sand, the
increase of the initial moisture content results in reduction in the sharpness of the front, i.e.
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dO
the gradient - at x=X drops and the curve O(x) flattens. The results of the numericalC) dx
calculations performed by Bruce and Klute are presented in Figure 15. As reported in their
paper, "...A most interesting result of the diffusivity measurement is the indication of a
maximum in the diffusivity at some moisture content below saturation, in most cases at 75
to 80% of saturation."(Bruce and Klute, 1956) In the case of the Bloomfield Sand such
maximum is not observed since "...the calculations were not carried out for moisture
content values which would apply near the inflow end of the column." The authors also note
dO
that "... the behavior of - as a function of 0 very strongly influences the nature of the
dx
function D(0) and if there is maximum of - at 9 < Os, than there will be a maximum value
dx
of the diffusivity at 0 <0s."
Bruce and Klute (1956) do not advocate using the Moisture Diffusion Theory because of
doubts in its precision.
2.3.2.2. Nielsen et al.(1962)
Nielsen, Biggar and Davidson (Nielsen et al, 1962) performed linear infiltration tests
using 0.0 IN CaSO4 solution (N - normality), made from distilled water, and Soltrol 190
(mineral oil) as infiltrants and Columbia Silt Loam, Hesperia Sandy Loam, Boise Idaho
Sandstone and Red Bluff Clay as porous media. The experimental set-up is altered to allow
for application of suction at the inlet. A fritted glass plate provides the wetting interface and
a graduated cylinder provides measurement of the infiltration by volume (Figure 16).
With some exceptions, possibly due to experimental error, the recorded front advance is
linear versus the square root of time (Figure 17). The graphs show that the increase of the
inlet suction causes the relationship between the front advance and the square root of time to
become flatter, i.e., the reduction of the inlet head causes reduction in Sx.
The authors attempted to predict the moisture distributions in the columns for
experiments run for different periods of time. Depicted on Figure 18 is the procedure that
the authors employed. The upper graph on Figure 18 presents sets of experiments in which
Nielsen et al. obtained the water distribution from an experiment run at -2millibars inlet
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suction for 740 min and predicted the distributions for experiments, run at the same inlet
suction and column porosities, but for 88 and 344 minutes. In the graph, the dots denote
experimentally obtained water contents, and the broken line is a fit curve, from which the
predicted solid lines are calculated. The match between the predicted curves and measured
water content for the two shorter experiments was excellent for this value of inlet suction.
The bottom part of Figure 18 presents the similar prediction Nielsen et al. attempted for the
same soil, Columbia silt loam, this time wetted at -100 millibars of inlet suction. With
respect to front advance, the predictions, based on the results from the experiment of longest
duration, overestimated the actual water distribution with 25 to 30 %. Not shown here are
similar results that Nielsen et al. recorded with the other soils they investigated.
The results of the Nielsen et al. diffusivity calculations are shown on Figure 19 and show
that D(O) depends on both D(O) and the inlet suction. The general trend is a decrease of
D(0) for all values of 0 with increase of the inlet suction. The final conclusions of the
Nielsen et al. (Nielsen et al., 1962) are that since"...the values of the diffusivity calculated
depend upon condition at which the water enters the column and therefore can not be used
for the solution of the diffusion equation for other boundary conditions", the Moisture
Diffusion Equation "... could not be used to describe the water movement through the
materials investigated".
2.4. Conclusions.
The presented research results reveal that neither of the existing theories is complete
with respect to description of the capillary induced infiltration. For example, the Green-
Ampt model, based on assumed constant saturation, correctly predicts the advance of the
front to be linear versus the square root of time (Lambe 1951, Babu and Fox, 2000, Nielsen
et al, 1962). However, save for the crude approximation of the front suction through
introduction of an "effective head, the Green-Ampt model does nothing to predict the link
between the. liquid content and the heads in the front zone, where they both change very
rapidly both with time and space,.
On the other hand, the Moisture Diffusion Theory provides a the link between the spatial
and temporal gradients in the liquid content, and, by introducing D(0), accounts also for the
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rapid head changes. However, the diffusion theory does not predict the front advance
correctly (Nielsen et al, 1962).
The main difficulty in applying any of the approaches discussed above, stems from the
fact that either one offers only partial information about the infiltration since the scales, at,
which the models operate, are very different. The Green - Ampt model reflects the
infiltration on a macro scale (column length), while the Moisture Diffusion Theory deals
with an elementary volume of soil. In principle, the information from the advective Green -
Ampt model and from the Moisture Diffusion Theory complement each other, suggesting
that the capillary induced infiltration is some combination of advection and diffusion. A
model that unites the Green - Ampt model and the Moisture Diffusion Theory to better
describe capillary induced infiltration is described in the following chapter.
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Chapter 3.
INTERPRETIVE MODEL of 1-D HORIZONTAL
INFILTRATION
3.1. Formulation of the Interpretive Model.
Based on the results of Bruce and Klute (1956) and Nielsen et al. (1962), the following
conclusions about the nature of 1 -D horizontal infiltration are drawn.
First, regardless of the applied inlet head (ho as on Figure 6), the spatial liquid distribution
generally consists of two zones, first one with liquid content relatively uniform, termed
transmission zone, and the second one, located immediately behind the front and termedfront
zone, where the liquid content drops rapidly to the initial one, i.e., to zero for the initially dry
columns. This can be observed on Figures 14 and 18. The transmission and front zones on Figure
14b correspond approximately to the ranges x = 0 -33 cm and x = 33-37 cm, respectively, with
X = x,,, = 37cm being the location of the front at termination of the experiments. The two-zone
division is also very apparent in Figure 18, where all O(x), graphs, horizontal (top of Figure 18)
or gently sloping (bottom of Figure 18) near the inlet port at x = 0, abruptly plunge to become
nearly vertical close behind the front.
Second, at same inlet head, columns of same porosity show average transmission zone
saturations that are not only spatially uniform, but also constant with time. For example, Figures
14a and 14b (Bruce and Klute. 1956), each show two moisture distributions, obtained after
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experiments of different durations. In either of the figures, the registered transition zones
essentially overlap within the common time range. Similarly, for either set of experiments,
depicted on Figure 18, the average transition zone saturations also appear unchanged with time.
Figure 20 generalizes the conclusions made above into an interpretive model. The absence of
liquid retention or release by the soil in the transmission zone undermines the validity of the
Moisture Diffusion Theory there simply because in this region there are neither temporal nor
significant spatial gradients to be considered. Therefore, the liquid transfer in the transmission
zone is assumed one of advection only. On the other hand, the Moisture Diffusion Theory is
considered relevant descriptive tool for the flow in the front zone, where both the spatial and
temporal gradients are significant. Thus, the interpretive model separates the diffusion at the
front, from the advection in the transmission zone. The l-D horizontal infiltration is
approximated as a decelerating advective propagation of a diffusive front, in which process the
advection and diffusion are apparently coupled and in dynamic equilibrium. The advection-to-
diffusion transition is assumed to occur at some point, termed advecto-diffusive boundary and
denoted xd, along the wetted length of the column.
3.2. Conditions at the Advecto - Diffusive Boundary Xd
To fully describe the conditions at the advecto-diffusive boundary one needs four parameters,
namely the location, xd, the volumetric content Ox, the suction (expressed either as a head or
pressure) and the value of the diffusivity coefficient DX, =D(Otd).
Bruce and Klute (Figure 15) concluded that the D(9) has a maximum at some 6<n. For
example, Figure 15b, which is based on the numerical integration of the curve on Figure 14b
(Bruce and Klute, 1956), reveals that, for the 50-250p Bloomfield sand, the diffusivity D(O) has
a maximum at about 0max D(6) = 0.30. Visually tracing the 6(x)-curve on Figure 14b from the
front backwards, i.e., in the direction of the diffusivity calculations (Eq. 2.28 or Eq. 2.29), the
point with o ) =0.30 is located to be approximately at xDax = 33 cm, apparently leaving
the entire transmission zone to the left, and the front zone - to the right. Similar considerations of
the other results of Bruce and Klute. and Nielsen et al., presented here (Figures 14, 15, 18 and
19), support the assumption that the diffusivity D(O) has its maximum at the boundary xd:
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X = X dO = 0, < D(O )= D(01 (3.1)
It is also assumed that the D(9) cannot be greater than the Dx as determined from the Green-
Ampt model (Eq. 2.6). The supporting logic is that, given the uniqueness of the inlet port, the
rate of liquid content change with time cannot be greater than the rate of advective liquid transfer
of the through the transmission zone, which leads to advecto - diffusive boundary condition #1:
DXd = D(OJ = d .B(OIO = D, (3.2)
SdB )aX d
The integration of Eq. (3.2) simultaneously determines the paramenters xd, Oxd and D(Od).
Advecto-diffusive boundary condition #2 assumes that the head, h, at xd , is equal to the air-
entry head, ha:
X = x d,0 = 0 O h = h = a (3.3)
71
where y denotes the unit weight of the liquid. The ground for this assumption is the fact that
the entrapment of air that occurs in the front zone, halts at the boundary, leaving transmission
zone of nearly constant saturation.
Note that the conditions (3.2) and (3.3) are independent of each other and subject to
experimental verification. Figure 21 shows the assumed conceptual head distribution for
capillary induced infiltration, i.e., with zero inlet head, and complements Figure 20 in the
illustration of the interpretive model.
3.3. Estimation of the Air-Entry Head.
The air-entry head ha has a very important place in the developed model. An attempt to
estimate ha directly from the infiltration experiments is discussed hereafter.
Consider an infiltration test run at positive (pressure) inlet head and let Figure 22a illustrate
the supposed head distribution. The flow is realized because the head difference induced by the
inlet head and the front suction exceed the resistance of the medium in the transmission zone,
thereby allowing the liquid to reach the diffusive front, where the suction is generated. Lowering
the inlet head will not alter h, (Figure 6) but will impede the flow rate, an effect, shown on
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Figure 17 (Nielsen et al., 1962), by the decreasing slope of the x - t "' line with the increase of
the inlet suction.
The head distribution with applied inlet suction may then look like the one on Figure 22b. At
the same time, since less liquid enters the column, its saturation and therefore conductivity
decrease. The head distribution becomes flatter with the increased inlet suction and ha moves
toward the inlet. At some limit case of d= 0 , i.e., at inlet, no liquid would further enter the
x=O
column and the liquid that is already in, will move only diffusively. The case of - = 0 is
x=O
termed "No Advection" and is expected to occur when ha is applied at the inlet (Figure 22c),
which would supposedly allow entrance of air in the entire column, and, within the time frame of
the experiments, halt the infiltration advance. In other words, the "No Advection" case
corresponds to I= X = 0, which in its turn (Equations 2.6, 2.7,.2.13 and 2.14) means that all of
the coefficients S1 , Sx , D, and Dx are equal to zero, and ha is determined as the limit of ho when
any of the coefficients S, , Sx , D, and Dx tends to zero:
ha =lim S,,SX,DI,D -. Oho (3.4)
The air entry-head, ha, is an intrinsic characteristic of the soil-moisture-air system, and its
value must be same independent of which one of coefficients SI, Sx, D, or Dx is directed to zero.
If plotted versus ho, the graphs of Si, Sx, D, or Dx must intersect the ho axis at one and the same
point, i.e., at ho = ha. This is the base of the procedure, explained later in Chapter 5, "Discussion
of Results ", that is used for the determination of ha.
3.4. Soil Suction - Moisture Content at Wetting
The introduction of the advecto-diffusive model allows for computation of the suction-
moisture content curve during wetting. Assuming the function 6(x) at certain time t to be known,
D(0) is calculated according (Eq. 2.28) and the diffusion zone is determined according to the
ah
condition (3.1). Then, from Eq. (2.25), the derivative is:
8 0
8h 
_D (0)380 - KD(0) (3.5)a0 K (03
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From Darcy's law, the gradients in the transmission zone are:
.1 dQ n dI
- - (3.6)K(O,)* dt K(Ox)* dt




The integration in the diffusion zone is then continued, this time over 0:
h(x), = fi(x).dx + j-.d (3.8)
0 0
The calculations require an additional input with regard to the estimation of the unsaturated
hydraulic conductivity. The empirical correlation developed by Brooks and Corey (1964) is
chosen in order to compute the conductivity based on the volumetric water content - matric
suction curve at drying:
M
ks = K Or (3.9)
n-Or,
where K is the saturated hydraulic conductivity, Or is the residual volumetric water content
associated with discontinuous water whose extraction during the drying is impossible by means
of pressure alone, and m is an empirical constant. For the case of wetting of initially dry soil, i.e.,
for Or = 0, Eq. (3.9) is assumed valid in its simplified form:
ks = K. = K.Sm  (3.10)(n)
The empirical constant m is defined as:
2
m = 3+ - (3.11)
where A is the slope of the log 9- log y, line beyond the air-entry point (0a, , on Figure 5):
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3.5. Implementation of the Finite Differences Method (FDM)
The numerical FDM analysis is based on the experimentally obtained moisture distribution
6x). For each current point, denoted with subscript i, the Boltzmann's variable is calculated as:
Bi - (3.13)
tend
where xi, and ted refer to the position of the current point with volumetric liquid content ,,
and the moment of termination of the experiment, respectively.
The derivative and the integral on the right side of Eq. (2.27) are approximated as ratio and
sum of final differences, respectively and the diffusion coefficient, Di, at the current point in the
diffusive zone is given as:
I i I
x xd :D, =- .j-(Bk+Bk- XOk -Ok 1 ) D (3.14)
(Bi - Bi-
The advecto - diffusive boundary xd is estimated numerically as the point at which:
x x <--> D = D, (3.15 )
where Dx is the diffusivity by front advance, computed (Eq. 2.6) as the slope of the X2-t line,
obtained from the same infiltration experiment. At the current point in the diffusion zone, the
ah.
derivative - is approximated:
Oh Ah D
OO , A0 1 - K(01 ) (3.16)
The head decrement between two consecutive points in the front zone and the gradient at the
current point, respectively, are computed:
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where is the infiltration rate at the end of the experiment. The head decrement between
at end
two consecutive points in the transmission zone is:
Ahl = ii- 1 .(xi - xi 1) (3.20)
Finally, starting from (nearly) zero inlet head, the head at the current point, hi, is calculated as
cumulative sum (overj) of the preceding head decrements:
h= Ah 1 -1  (3.21)
k=O
3.6. Example of Computation of Suction Curve during Wetting.
An educationally detailed O4x) data set, taken from Nielsen et al.(1962), is presented by
Tindall and Kunkel (1999) and is chosen to demonstrate the application of the interpretive
model. The data set refers to an infiltration experiment with a column of porosity n = 0.39, run at
zero inlet head for t=1500 min with final wetted length of X=76 cm. The moisture distribution
Ox) is depicted on Figure 23a.
Table 1 presents the set of data as well as the calculations performed. Representative value of
m=3.9 (Tindall and Kunkel, 1999) is assigned to the empirical coefficient in the correlation for
the unsaturated conductivity. The diffusivity by front advance Dx is approximately (Eq. 2.6):
762 
-3D - 1500 - 3 .8 5 cm/min (3.31500 (.3
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The diffusivity calculations (Eq. 3.14) are halted at point # 36, x = 41.80 cm, O(x)=0.370,
with D(9)=4.36 cm2/min. The average moisture content is evaluated as 09=0.352~~A xd)=0.3 70
(deviation of 5.1%), giving average column saturation of S = 0.352/0.390 = 0.902.
The sorbtivity by infiltration S, is determined as:
S1 = S.FD-= 0.902 x f3.85 =1. 7 7 cm/min (3.24)
The rate of flow is calculated:
a t=1500min
_Q n.S 0.39 x 1.77
= .0089 cm/min (3.25)
t =1500 21 2 x 21500
Figures 23b presents the head distribution, where the heads, h, are scaled by the unreported
K. The K - scaled head distribution, denoted with Kh (Fgure 23b), is a straight in the
transmission zone (0 x 41.80 cm), and becomes more and more curvilinear in the front zone
to reach the abrupt plunge at the very front. Figure 24 presents the inferred Kh plotted vs. the
measured 9 to K - scaled produce suction curve during wetting with pronounced S-like shape.
The K - scaled air-entry head is estimated as K ha = 0.34 cm2/min at about Oa=0.375. Tracing
the graphs of 0 vs. x (Figures 23a) and Kh vs. x (Figure 23b), Oa=O.375 and K h ~~0.34 cm2/min
are found at about x = 40 cm and x = 38 cm, respectively. An excellent match between these x-
values and the initially assumed x =41.8 cm for point #36 is established, with which the internal
consistence, i.e., the interdependence of the assumptions (3.2) and (3.3), of the model is
demonstrated.
The experimental program, undertaken to further investigate the validity and applicability of
the introduced model, is discussed in the following chapter.
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4.1. Materials. Preliminary Tests.
4.1.1. Soil
New Jersey Fine Sand (NJFS), with D60 =0.160 mm, D10=0.085 mm, purchased from
WHIBCO, Inc., New Jersey, was chosen for the infiltration experiments. The sand was
sieved through sieve #30 (0.600 mm) and the retained portion was removed. To prevent
accidental contamination or moistening, the sand was contained in sealed plastic bucket. The
grain size distribution, obtained from multiple sieve analyses, is depicted on Figure 25.
Fixed wall constant head permeability test was run to measure the saturated hydraulic
conductivity, K water, of the NJFS. The result is given in Table 2.
4.1.2. Liquids.
Two liquids were used for the infiltration experiments, namely distilled water and Soltrol
220 - mineral oil, purchased from Philips 66, Inc. The densities, viscosities and surface
tensions of both liquids (Banno, 1999) are shown in Table 2. Based on the intrinsic
conductivity principle, the Soltrol 220 saturated conductivity of the NJFS was calculated
from the saturated conductivity of the NJFS for water:
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p per 5.45 x I1o-5 X o. 795KSoltrol K water Psoltrol = 0.204 x = 0.0352 cm/min
s Soltrol Pwater 2.52 x x 0.997
where K, u, and p denote saturated hydraulic conductivity, viscosity and density of the
liquid denoted with the subscript.
4.1.3. Measurement of Soil Suction during Drying.
The soil suction measurements for NJFS and water were performed with the Soil
Tensiometer developed at MIT by K. Sjoblom, Ph.D. (Sjoblom 2000). The device is shown
on Figure 26 and consists of a conventional pressure transducer, interfacing a very fine
porous stone, both epoxy-fastened into a steel collar. A small chamber containing the drying
sample complements the design. The whole assembly sits on a scale, which measures the
mass decrement as the initially saturated sand dries. The scale and pressure transducer are
isolated in thermo-box and are connected to a computerized acquisition system for
continuous monitoring.
At the end of each experiment, the final wet and dry masses of the specimen are obtained
in order to compute the porosity and water content (gravimetric and volumetric).
Two such suction tests during drying for NJFS and water are shown on Figure 27, one of
which is for porosity of n = 0.40, and the other - for n = 0.33. The air entry points are
estimated as Oa = 0.38 at ha = 30 cm, and, Oa = 0.32 at ha = 40 cm, for n=0.40 and n=0.33,
respectively. Additional points at the bottom of the graphs, 0 = 0.024 at hn = 191 cm and 6
= 0.024 at hn = 170 cm, for for n=0.40 and n=0.33, respectively, are chosen in order to
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During the infiltration experiments (Appendices Im and IV), the average column
porosity was in the narrow range of n = 0.37-0.39, with an estimated overall average of
about n=0.38, which is bracketed symmetrically by the porosities of the samples (n = 0.33,
0.40), for which suction measurements during drying were conducted (Figure 27).
Therefore, the slope A and ha for n=0.38 are estimated as the averages of the ones for
porosities of 0.40 and 0.33:
1
n=038 -(1.49 +1.79)= 1.64 (4.2a)2
1
ha =38 (30 + 40)= 35 cm (4.2b)2
The empirical constant m at n=0.38, used in the subsequent conductivity calculations
(Eq. 3.10), is computed (Eq. 3.11):
2
m =038 3+ . = 4.2 (4.3)1 .64
4.2. 1-D Horizontal Infiltration Experiments.
4.2.1. Infiltration Set-up.
The schematic of the experimental set-up for 1-D horizontal infiltration is shown on
Figure 28. The sand is placed in transparent tube, whose cross-sectional shape is either
tubular with internal diameter (i.d.) of 25.4 mm or square (open or closed channel) with
22.5x22.5mm internal dimensions. All types of columns - tube, square or open channel -
have measuring tape with 1mm divisions attached to them and were 700 mm in length. A
400 mm long tube is also used for the experiments with Soltrol 220, which were run at zero
and negative inlet head. A 3-valve chamber with mesh screen consists the inlet port. Soft
tubing line, attached to the inflow valve, connected the chamber to the infiltrant container
placed on the scale. Another container was connected to the bottom valve for initial flooding
and final draining of the chamber. The bottom cap has an opening in order to allow the air to
freely exit the columns.
The experiments were run at different inlet heads, specified by placing the infiltrant
container at different levels relative to the axis of the column, and measured (metric ruler,
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Figure 29) as the difference between vertical positions of the column axis and the bottom of
the air tube. The elapsed time, t, the cumulative infiltration by mass, M, the position, X, and
the inclination of the wetting front, AX, were recorded. In order to avoid the boundary effect
of the bottom cap (Figure 28), the experiments were terminated before X reached 90% of the
column length, i.e., X was not allowed to exceed 65 cm. Depending on the liquid and on the
applied inlet head, the duration of the experiments ranged between 40 minutes and 8 hours.
4.2.2. Specimen Preparation
The packing of a column to have uniform density was crucial for the reliability of the
results and the overall success of each experiment. Tremi tube pouring and rodding were
initially employed to densify the sand. In all these cases the erratic advance of the front
rendered the experiment results to be not representative. For instance, in the case of rodding,
the front formed a finger-like pattern, apparently following the traces of the rod.
Multiple sieve pluviation was chosen as a method of uniformly depositing the sand into
the columns. The pluviation device is shown on Figure 30. It consists of a container and
raining chamber with a set of four wide opening sieves at the bottom, both fastened
vertically and uniaxially onto a lab stand with clamps. The bottom of the container has an
opening, whose diameter controls the falling velocity and therefore the achieved density of
the sand. By trial and error, a diameter of 7/64 inches (2.77 mm) was chosen for this
opening in order to obtain perpetually sand columns with dry bulk densities in the range of
1.63-1.69 g/cc and porosities of 0.37 to 0.39. The sand falls through the 7/64" hole to form a
tread. This tread is further dispersed into rain by the sieve set and "cut" by chamfered edge,
so that the sand is deposited evenly in the column. The only problem observed with this
procedure was the occasional static charging of the sand particles. In these cases, numbering
four in total, the columns showed lower density and were emptied and re - pluviated. The
static charging, which later apparently disappeared, was probably related to the low air
humidity during very dry winter days.
4.2.3. Grain Size Distribution Monitoring
Besides the packing of the column discussed above, the grain size distribution is
considered the other single most important factor that greatly affects the liquid infiltration in
the device. During the experimental program samples were taken either from the bucket
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before the pluviation or from the dry portion of the column (between the terminal position of
the wetting front and the bottom cap, Figure 28), after the infiltration. The grain size
distribution was determined by sieve analyses. This monitoring ensured that the employed
mixing and depositing techniques produced persistently sand columns of one and the same
grain size distribution (Figure 25).
4.2.4. Visual Flow Quality Control.
During the infiltration experiments the nature of flow is observed in search for "fingers",
pockets of dry soil behind the front, separation of the sand from the walls, or abrupt decrease
of the advance rate that would indicate loose sections. Such flow discrepancies were
observed in the initial tests, performed during the design and testing of the device. These
initial tests are not taken into consideration and are not presented.
4.2.5. Liquid Content Measurements
The final liquid distributions were obtained at the end of the experiments run at zero
(less than 1 cm) inlet head. Figure 31 illustrates the employed sampling technique. A set of
thin brass pieces (knives), with shape matching the one of the column cross-section, was
inserted into the sand thereby seizing the flow. Giving preference to sampling closely behind
the front, samples, varying in dry mass between 2 and 15 g, are taken. Before oven drying,
the sand samples with Soltrol 220 are soaked and washed with distilled water-detergent
(Alconox@) solution and then rinsed with distilled water. In order to limit the sand particle
loss, the soaking and rinsing of the Soltrol 220 samples was done only once with 10 minute
pause in between. The obtained gravimetric liquid content is converted to a volumetric one:
0 W.P (4.4)
where 9, w, pb and p, denote the volumetric liquid content, the gravimetric liquid
content, the average dry density of the column and the density of the liquid, respectively.
4.3. Detailed Experimental Procedure.
The sequence of column preparation and infiltration consisted of the following steps:
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1) The sand was mixed thoroughly by rolling and flipping the sealed bucket.
2) Once every 3-4 tests, a sample was taken and grain size analysis was performed.
3) The tube or the channel together with the bottom cap, both screens and the valve
chamber were thoroughly washed with Alconox@, rinsed with water and wiped dry with
absorbent tissue. Mass measurement M, of the empty tube and the necessary adjoining parts
(bottom cap, screens, chamber, and in the case of channel, also the adapter) was taken.
4) The sand is pluviated into the column (Figure 30).
5) The top screen was moistened with the liquid to be used and then placed onto the top
end of the tube/channel. Exactly the same adjoining parts as described in step 3) above were
mounted. The tube/channel was removed from the stand and thoroughly brush-cleaned from
sand and dust, carefully wiped with moist tissue and dried with absorbent paper.
6) Mass measurement, M2, of the full sand column was taken.
7) The bulk column density, void ratio and porosity were calculated:
Pb = (4.5)
e = S PW(4.6)
n = G(4.7),
GS -PW
where pw and G, = 2.65 denote the water density and the specific gravity of the soil,
respectively.
8) The tube was placed onto the stand and positioned to be approximately horizontal.
9) Permanently attached to the inlet container, the inlet line was saturated by applying
suction at the inlet valve. Closure of this valve, which was inseparable from the inlet line,
kept the later saturated. The inlet container was placed on the scale.
10) The saturated inlet line and valve were attached to the inlet chamber. The air and
flooding valves were opened, and by slowly raising the flooding container, the flooding line
was saturated. Moving vertically either or both the infiltrant container and/or the column
specified the desired inlet head. The column was then leveled horizontally and fastened.
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11) The top valve was opened. The bottom flooding line was attached and saturated
while maintaining the chamber empty. The scale and clock are zeroed.
12) The bottom valve is opened thereby flooding the inlet chamber. An instant later, both
the top and bottom valves where shut off, the inflow valve is opened and the clock is started.
13) The maximum front position X,,., the difference between the maximum and the
minimum front positions AX (Figure 32) and the cumulative infiltration by mass M, (read as
a negative number on the scale), were recorded.
14) The flooding container was lowered. The inlet valve was closed to preserve the inlet
line saturation for the next experiment.
15) Opening both the air and the flooding valves drained the chamber and terminated the
experiment.
16) Once every 3-4 tests, sand sample was taken from. the column end and grain size
analysis was performed.
17) At the end of the water experiments conducted at zero inlet head, brass cutters
inserted into the sand/flour and separate samples were taken along the column for
subsequent water/Soltrol 220 content measurements as described above (section 4.2.5).
4.4. Assessment of 1-D Infiltration Data.
For each infiltration experiment, the cumulative infiltration by mass, MI, is first
converted to cumulative infiltration by volume, V1, and than to cumulative infiltration per
unit pore area, I:
V )= (t) (4.8)
p1
V,(t) _MA4(t)
I(t) = (4.9),n.A n.A.pl
where A is the cross-sectional area of the column, and t is the elapsed time. The average
front position X is calculated from the maximum front advance X,,,Lm and the difference
between the maximum and the minimum front positions AX (Figure 32):
_AX(t)j
X (t)= X maxt) 2 (4.10)
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The calculation of the column average saturation of the at each moment of time, S=S(t),
follows directly from Eqs. (2.12), (4.9) and (4.10):
S(t)- I(t) M,(t) (4.11)
X~~t)^t AX (t).(.1n.A.p,.(t 2-
The denominator in the equation above is exactly equal to the mass of liquid required for
complete saturation behind the wetting front.
Total of 28 horizontal infiltration tests were performed, 17 of which, labeled NW 1 to
NW 17, with water, and the remaining 11, labeled NL 1 to NW 11, with Soltrol 220,
respectively. For each of the horizontal infiltration experiments, a table and two graphs in
Appendices III (NJFS and water) and IV (NJFS and Soltrol 220), with plots of X(t)and I(t),
and of X(V4) and I( v), respectively, that show the data and illustrate the assessment, were
prepared.
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Chapter 5.
DISCUSSION OF RESULTS
5.1. Applicability of the Infiltration Device.
Design of the infiltration set-up required performing a certain number of preliminary
infiltration tests in order to get an idea for the suction capability of NJFS and from there, an
estimation for the appropriate dimensions of the column. These preliminary tests consisted
primarily of a sequence of trial horizontal infiltration experiments, the results of which are
not presented here since in these experiments either erratic or preferential front advance,
separation of loose sand sections from the column walls or extreme flattening of the front
profile (AX ~~X, Figure 31) were observed.
One vertical capillary rise test (Test Cl) and one ponded infiltration test (test PI 1), i.e.,
in vertical downward direction, listed in Appendix V, were also performed in the
preliminary stage with the same device, used to perform the horizontal infiltration tests
(Appendices III and IV). In test C1, the capillary rise in NJFS was monitored for 112 min
and then left until 26 hours (from test Cl commencement) elapsed. The final capillary height
was h, = 55 cm.
In the opinion of the author, with only difference being the orientation of the column, the
execution of tests Cl and PI 1, i.e., sample preparation, taking readings, etc, is the same as
for the horizontal infiltration experiments, which suggests that the developed device may be
used for I-D infiltration experiments with columns at any inclination to the vertical.
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In order to achieve a relatively straight and vertical front, it is suggested, based on the
experience from the conducted horizontal infiltration test, to use horizontal columns with
maximum height or diameter of less than - (5%), and minimum length of more than
20
(50%) of the capillary rise height, respectively.
5.2. Infiltration Data Assessment.
5.2.1. Estimation of S, and Sx
Total of 28 infiltration tests are performed, 17 of which, labeled NW 1 to NW 17, with
water, and the remaining 11, labeled NL 1 to NW 11, with Soltrol 220. Linear regressions
(done with Microsoft Excel 2000®), presented in Appendices III and IV for water and
Soltrol 220, respectively, reveal the advance, X, and the infiltration, I, to be linear versus the
square root of time, 4, with coefficients of linearity, R2, exceeding 0.998. The X- vi and I- Vi
linear regressions, performed as a part of Test NW 17 and shown on Figure 33, are a typical
example of the regression procedure used to fit the X and I data from each of the infiltration
experiments. For each experiment (with water or Soltrol 220), the sorbtivity coefficients Sx
and S1 were determined as the slopes of the X- i and I- -4 lines, respectively.
Generally, the linear regressions of the experimental data reveal non-zero intercepts, SH
or N7, at t=0, for X- vi and I- vi lines, respectively. The SX and NI for Test NW 17 are pointed
out on Figure 34, which is an enlargement of the origin area of the graph, shown on Figure
33. The SX and S for the water experiments (tests NW 1 to NW 17, Appendix, III) are
summarized in Table 3 and plotted vs. ho (Figure 35). The scatter of both SA and N7 vs. ho,
shown on Figure 35, suggests that the intercepts are due to an experimental error. In
particular, it is reasonable to expect such an error to be associated with the commencement
of the infiltration experiments when it is difficult to precisely record the flow while flooding
the chamber, closing the air valve, opening the inflow one and starting the clock at the same
time. Such an error at the commencement would be the same for all subsequent
measurements, i.e., the graphs of X or I, vs. t, respectively (Appendices III and IV), shift
either up or down without distortion of their shapes. Therefore, the slopes Sx and S1 are
considered correct.
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5.2.2. Influence of the Cross-Sectional Shape of the Columns.
The summary of the results from the water experiments is given in Tables 5. With the
exception of tests NW 16 and NW 17, run on square tube at ho = 0 cm and on open channel
at ho = 1.12 cm (M/ in.), respectively, the infiltration experiments with NJFS and water were
performed with circular tubes. The estimated sorbtivity coefficients S, and Sx are plotted vs.
ho on Figure 36, where the circles refer to circular tubes, squares - to test NW 16, and
triangles - to test NW 17, respectively. From Figure 36 it is evident that, first, for the
circular tubes there is an apparent trend in both S, vs. ho and Sx vs. ho, and second, that the S,
and Sx from the square tube and from the open channel, lie on the trend of S, and Sx from
circular tubes.
Observations similar in nature are made for the Soltrol 220 experiments, summarized in
Table 6. Tests NL 9 and NL 10 were conducted with open channel and square columns,
respectively, and the rest of the tests (9 in total) were done with circular tube. The sorbtivity
coefficients Sj and Sx for tests NL I to NL 11 (Soltrol 220) are plotted vs. ho on Figure 37,
and similarly to the case with the water experiments above, S, and Sx for the open channel
and square column lie on the general trend of S, and Sx for circular columns.
With regard to the experimental equipment, the above comparisons of Sr and Sx for the
different column cross sections suggest that, first, the cross-sectional shape - circular or
square, has little if any influence on the infiltration process therefore rendering the choice of
column cross-section to one of availability and convenience, and, second, that if the column
is protected from disturbance, contamination or excessive evaporation, the direct exposure
of the top surface to air has no effect on the horizontal infiltration.
5.2.3. Scaling of Sx at h 0 = 0 for Soltrol 220 and Water.
The formula (Eq. 2.8), proposed by Philip (1957) gives the sorbtivity S I as a function of
the liquid and soil properties. Then, assuming constant intrinsic sorbtivity, s, for the range of
n=0.37 - 0.39, and wetting angles of q 15 , for both water and Soltrol 220, S, I for
water and Soltrol 220 scale as:
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S,,ater -a,, CO(Owater Pso___ 7.33 Cos9,,, 25.2
=O= - ----- =3.62 (5.1)Sxs!'o o=,nerrca "otrol Voeo,0 ~,, 2.58 cos pso,, 5.45X, hS=Orheoreti
Table 4 (left half) presents an array of twenty-five elements SXwater , computed by
SXSoltrol
dividing each of the five Sx values, obtained for water (tests NW 1, 2, 7, 15 and 16, shown
on Table 4) by each of the five Sx values, obtained for Soltrol 220 (tests NL 1, 2, 3, 10 and
11). The average experimental ratio is:
= 2.46 ±0.25 (COV10.2%) (5.3)
SX.Soltrol A, expeimenni
The right half of Table 4 presents a similar 25-element array for the water-to-Soltrol 220
- sorbtivity - ratio for the coefficients S, and estimates an average of:
SIwater 
= 2.35 ±0.45(COV19.1%) (5.4)
SI.Sotrol h0-,expeimenld
This result matches well with the ratio of 2.46-0.25 (Eq. 5.3) very well. Both
experimental ratios (Eqs. 5.3 and 5.4 above) are far from the theoretical value (Philip, 1957),
given with Eq. 5.2.
Holguin (1999) performed interface tension measurements and reported that for
contamination in the system of 2.6 mm diameter glass capillary tubes the reduction of
-watercoswaer is 25%, while the corresponding reduction in o-soltroicospsotroi was only 7%.
Assuming the same reductions, Eq. (5.1) is modified:
SX. water __(1-0.25).7.33 cos..ater 25.2 = 3.25 (5.5)
Sxairrol e lI(1-0.07).2.58 cospsoro 5.45
The modified theoretical ratio is lowered as compared to the unmodified case (Eq. 5.1) but
still about 14% larger than the maximum of the experimental values (Eqs. 5.3, 5.4):
Xater 
=3.25 > 2.46 + 0.25 = 2.81 (5.6)
SX Soltrol 
=0,modified
Given the possibility of contamination of the sand particles during the preparation of the
columns (see preparation of sample, section 4.2.2) on one hand, and, on the other the above
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calculations, where modification with 25% and 7% o-cos9p - reduction for water and Soltrol
220 is already introduced without a match between theoretical and experimental results, the
author is unable to give a conclusion about the probable validity or invalidity of the Philip's
formula (Eq. 2.8).
5.3. "No Advection" Head for Water and Soltrol 220.
The estimation of ha from the "No Advection" condition (section 3.3., Eq. 3.4) is based
on an extrapolation of fit (or regression) curves for the S vs. ho and Sx vs. ho plots
(indiscriminately with respect to the shape - circular, square, channel - of columns as
explained in 5.1.4) and estimating the zero intercepts of the produced fit curves with the ho -
axis.
The Green - Ampt model suggests that both S, and Sx are complex square-root-type
functions of ho (Eqs. 2.7 and 2.14). Therefore, it is considered appropriate to use non-linear
regression fits of S, vs. ho and Sx vs. ho data for both water and Soltrol 220. The type of non-
linear regression curve used here to fit S, vs. ho and Sx vs. ho data is a polynomial of the type
y = ax2 +bx+c (Bronstein and Semendyaev, 1959). Figures 38 and 39 illustrate the
polynomial regressions (Microsoft Excel 2000@) for water and Soltrol 220, respectively.
On Figure 38 (water), the regression equations for Sar ,.and Sx, water are:
SX,,,t, =--0.0006 h 2 +0.1185-h +5.8445, R 2 = 0.9847 (5.7a)
S1,water = -0.0003 -h +0.1018 -h + 4.2438, R 2 = 0.9726 (5.7b)
Solved for SXater =0 and Swater = 0, the above equations give the intercepts:
SX,,=ater -> ho =37.5 cm (5.8a)
Swater =0>h0 = -40.9 cm (5.8b)
The average value of the above intercepts is the estimation of the air-entry head from the
"No Advection"(NA) condition (Eq. 3.4):
ha.water IA 40.9-37.5 ± SD = -39.2 ± 2.4 cm (COV 6.1%) (5.9)
2
The "No Advection" head, h, = -39.2 ± 2.4 cm is an excellent match of the air-enTryhed "of3 estimathction sa, mater sA t e s
entry head of -35 cm, estimated from-the suction curves measured with the soil tensiometer
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(Figure 27, Section 4.1.3, Eq. 4.2b) during drying of samples of n = 0.33 and 0.40,
respectively. Thus, the "No Advection" concept (Eq. 3.4) is proven to be correct.
From Figure 39 (Soltrol), the regression equation for S1 soltrol and Sx, soltro vs. ho, are,
respectively:
SxsoAtrol = -0.0003- h +0.0603- h +2.3262, R2 = 0.9623 (5.1Oa)
SISotrol = -0.0001- h2 + 0.0466 -h + 1.7094, R 2 = 0.8839 (5.1Gb)
Solved for SSoltrol = 0 and SXSoltrol = 0, the above equations give the intercepts,
respectively:
SxSotrol = 0 -> ho = -33.1cm (5.11a)
SI,Soltrol =0 -> ho = -34.2 cm (5.1 lb)
The average of the above intercepts (Eqs 5.11) is the estimated "No Advection" inlet
head for NJFS and Soltrol 220:
hasotrolI NA 2 +331 SD = -33.6 ±0.8 cm (COV 2.4%) (5.12)
The lack of suction measurements for Soltrol 220 and NJFS does not allow comparison
between ha,soltro INA and measured air-entry head to be made.
Note that the polynomial regressions (Eqs. 5.8 and 5.10) correspond to a particular
range for ho, which is -30 to 50 cm for water, and -10 to 50 cm for Soltrol 220,
respectively. The estimation of h ,,,terlIA = -39.2 cm and of hasotrol NA = -33.6 cm, for
water and Soltrol 220, respectively, required only a slight extrapolation below the ranges
mentioned above. The actual trends of S, vs. ho and of Sx vs. ho for ho much greater than 50
cm may differ from the ones inferred by the second order polynomials used here, and
therefore employing equations (5.7) and (5.10) for extrapolations far beyond ho = 50 cm
should be done with caution (Bronstein and Semendyaev, 1959).
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5.4. Moisture - Suction Curves at Wetting.
5.4.1. 0(x) - Curve Fitting. Calculations.
In total, the final moisture content distribution were obtained from six tests: NW 15, 16
and 17 for water and NL 9, 10 and 11 for Soltrol 220, the measurements and calculations for
which are presented in Tables 7, 8, 9, 10, 11 and 12, respectively.
The presence of numbers in the leftmost column (labeled "Point i") indicates the position
of an actual water or Soltrol 220 content measurement. The width of the samples that were
taken from the wetted portion of the columns varied between 0.5 (behind the front) and 2 cm
(transmission zone). For each measurement, the liquid content, 0, is reported at distance
from the inlet, x, that correspond to the middle of the sample.
Besides the initial zero moisture of the column at the front, the lowest measured
volumetric moisture contents are 01 =10-18% for the water, and 01 =13-18% for the Soltrol
220 for 1 cm samples taken about 0.5 cm (from middle of sample) behind the final position
of the wetting front (subscript "1" denotes first point behind front, leftmost columns, Tables
7 to 12).
With respect to rapid decrease of the conductivity (Eq. 3.10, m=4.2 for water) with
lowering of the moisture content, the drop of the latter from 10% or 13% for water or Soltrol
220, respectively, to zero is considered too big to yield representative suction values at the
front. In the absence of experimental data, for each of the tests mentioned above, a linear
distribution, i.e., the simplest possible, between the registered 01 and the zero moisture at the
front is assumed. In order to perform the subsequent calculations, manual 0(x) fitting curves
are constructed.
The diffusivity and suction equations and the implementation of FDM for their
numerical solution are explained in details in Sections 3.4 and 3.5.
5.4.2. Modeled and Measured Water - NJFS Suction Curves.
The results of the implementation of FDM for tests NW 15 - 17 are listed in Tables 7, 8
and 9, respectively.
Figures 40, 41 and 42 present the moisture and inferred head distributions for tests NW
15 - 17. The inferred head distributions are almost bilinear, with constant gradient within
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the transmission zone and an abrupt plunge at the very front, where the conductivity of the
medium approaches zero.
An excellent fit between the calculated maximal D (0) and measured Dx is evident at x =
37.5 cm in the calculations for test NW16, with values of 29.24 and 29.20 cm2/min,
respectively. The inferred head at the same location h = -34 cm matches both the measured
the air-entry pressure (suction) of -35 cm and the ha,, N = -39.2 cm.
The numerical approximations in the other two tests are less accurate, giving the
advecto-diffusive boundary of x = 43 cm, Dx=31.67<D()=34.36cm2/min, and, x = 35 cm,
Dx =32.58> D(0)=30.80cm2/min for tests NW15 and NW 17, respectively. The evaluated
heads are -47 cm in both cases. Tracing the inferred head curves on Figures 40 and 42,
respectively, ha=- 3 5 cm is read at x = 35 cm and x = 38 cm, both considered in close to very
close proximity to the initially assumed boundaries (-43 cm and -35 cm above) with the
difference being associated with the number of points of FDM calculations.
Figure 43 presents the modeled water content - suction curves during wetting for tests
NW 15, NW 16 and NW 17. In order to plot log hn, the zero inlet head for tests NW 15 and
16 is presented as - 0.1cm of suction. Test NW 17 was run at very small inlet head, ho =
1.12 cm ( in.), and consequently, the inferred heads have a short zone (about 2 cm in
length, Figure 42) next to the inlet port, where the heads are positive. This zone has been
excluded from the inferred suction curve for test NW 17 (Figure 43).
Figure 44 compares the derived suction curves during wetting with the ones measured
during drying with the tensiometer. The agreement between the two sets of suction curves
(Figure 44) is especially good for suctions beyond the air-entry head of -35 cm. At suctions
below the air-entry head of -35 cm and especially at very low suctions, the inferred suction
curves show that the sand reaches saturation, which is related to the method in which the
moisture distributions were obtained, i.e., from horizontal infiltration experiments. For
example, Figure 42 shows that the volumetric moisture content, which is 9= n (100 %
saturation) at the column inlet, rapidly decreases within 7 cm of the inlet to reach the
average saturation degree for the column (part of curve that is concave upwards, Figure 42).
This increase in 0 close to the inlet is attributed to air exiting the column, which may occur
either at the experiment initiation or through diffusion in the water during the experiment.
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5.4.3. Modeled Soltrol 220 Suction Curves.
No suction tests during drying were done with Soltrol 220 and NJFS. Therefore, it was
necessary to employ circular iterations in order to obtain the empirical parameters A and m
(Eqs. 3.10, 3.11, 3.12). In other words, in the first iteration, some initial 2 initial, j and minitial.]
were assumed, the diffusivity calculations (section 3.5, Tables 10, 11 and 12) were
performed and the suction curves during wetting were obtained. These initial suction curves
were then used to infer Afinal, I and mftnal.I (number in subscript denoting number of iteration),
which were then compared with the Ainitial, I and minitialI. If a convergence of A and m,
respectively, was not observed, new suction curves were estimated, this time using the initial
values of Ainitial. 2 = 0.5 (2 initial, I + 2 nAjt. ) and minitial.2 = 0.5(minitiau,, + mfinal, ).
For brevity, the circular iterations are not presented here. The cycles of A and m
assumption followed by calculation of suction curve at wetting was estimated to converge at
2=2.2 and m=3.9, which were considered final and used in the FDM calculations.
The results of the implementation of FDM for tests and NL 9 - 11 are listed in Tables
10, 11 and 12, respectively. Figures 45, 46 and 47 present the moisture and inferred head
distributions for tests NL 9, NL 10 and NL 11, respectively.
As with water (Figures 40, 41, 42), the inferred head distributions are almost bilinear.
The approximate location of the advecto - diffusive boundaries are point 9, x=-<34.5 cm,
Dx=7.01>D(O),nax=5.29 cm2/min, for test NL 9 (Table 10), point 28, x=32.0 cm,
Dx=6.02<D(O),na,=695cm2/min, for test NL 10 (Table 11), and point 11, x= 27.5 cm,
Dx=5.15<D(0),nax=5.50cm2/min, for test NL 11 (Table 12), respectively.
Figure 48 presents the modeled Soltrol 220 content - suction curves during wetting. In
the absence of experimentally obtained suction data, the curves are only compared with each
other and evidence close agreement. The air-entry head from these graphs (Figure 48) is
estimated as ha, sotrol = -25 - -30 cm and accords very well with haSoltroI NA = -33.6 ± 0.8 cm.
5.4.4. Influence of the Assumed Moisture Curve Fit.
Section 5.3.1 of this chapter discusses the difficulty in obtaining a number of moisture
contents to define the saturation values just behind (0.5- 1.0 cm) the wetting front. The
proposed method bridges this data gap, using a linear distribution between the first measured
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water/Soltrol 220 content and the zero at the front. This assumption violates the postulation
of "sharp front", i.e., Jim - -- = oo , and is adopted only because of its simplicity.
ax
However, it is necessary to evaluate the importance of this "straight-line front"
approximation. For that purpose, a second set of calculations, based on data from test NW
17, is performed (Table 13). For the most part, the used 0 fit-curve is the same as the one in
the first set of calculations in Table 9. The main difference is the assumed front, which in
this case is pronouncedly curvilinear (Figure 49) as compared with the previous straight-line
front (Table 9, Figure 42). The upper part of Figure 47 illustrates the assumed 9- fit curves.
The lower part of Figure 47 compares the heads inferred from both fit-curves (with straight-
line and curvilinear fronts), and shows an almost overlapping inferred head distributions
until the very front.
Shown on Figure 50 are the suction curves at wetting inferred from the assumed
moisture distributions. The corresponding suction curves, both giving ha=-30~-40 cm at
0,,=0.29-0.30, are in very good agreement down to the point 9=0.05, hm=-100 cm, from
which they diverge, giving suction at 9=0.0, of hm = 3310 and 150 cm, for straight-line and
curvilinear front respectively. This divergence of the interpreted heads is attributed to the
higher moisture contents (Figure 49) and therefore higher conductivities (Eq. 3.10), placed
by the curvilinear approximation at the front. Combined with the apparently small number
of FDM steps (10 in both cases for 10 0 0, 51.0 x 51.5 cm) this leads to reduction of
the suction head increments, Ah, and consequently, of the suction heads, hm.
In conclusion, the inferred values of hm at very low moisture contents, e.g., 050.05,
depend highly and exclusively on, firstly, the interpretation of the front distribution, and
secondly, on the number of points, taken for the FDM calculations. The difficulty is that the
employed sampling technique is incapable of perceiving the rapid changes of the liquid
content (Bruce et al., 1956, Nielsen et al, 1962) because it apparently occurs over a distance
much smaller than the smallest feasible sample size, e.g., 1 cm. Therefore, at the present
moment, the true suction at front during wetting of NJFS is estimated with precision no
greater than an order of magnitude. The estimation of the suction curve during wetting that
is based on moisture distribution with an assumed straight front is considered the best one
and is recommended for practical purposes.
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5.5. Front Translation. Advective vs. Diffusive Flows.
5.5.1. Front Translation during Pure Capillary Infiltration.
As discussed in Chapter 2.2, the simultaneous recording of X and I allows the average
saturation of the column at any given time to be inferred (Eq. 2.12). Figure 52 and 53
present the resulting S vs. X graphs for tests NW 1-17 and NL 1 - 11, respectively, and
evidence that, regardless of the inlet head, the saturation of the column rises rapidly from
zero to some constant value, which is then maintained through the rest of the infiltration.
The general trend for all water and Soltrol 220 experiments is illustrated on Figure 54,
where the results for tests NW 13, 16 and 14, run at ho = -30, 0 and 50 cm, respectively, are
depicted. The two stages of increasing and constant saturation infiltration, evident in the
three depicted cases, are termedfront development and steady-saturation front advance,
respectively. As the name implies, the front development stage (Figure 54) refers to the
development of the diffusive front (i.e., of suction) at and shortly after the commencement
of the infiltration experiment. Evidenced by the plots on Figure 54 and predicted by Eqs.
2.7, 2.12 and 2.14, the steady saturation is exactly ss = I . Figure 54 also illustrates the
S x
general trend of Sss, which is to increase with the increase of ho.
In short, the S vs. X plot is related to the development and advance of the wetting front.
An attempt to provide a detail of this relationship between S vs. X plot and the front
development and advance for the zero inlet cases is discussed hereafter.
Figures 14a, 14b and 14c (Bruce and Klute, 1956) all depict cases, where two horizontal
infiltration experiments of close, but different, durations were run at zero inlet head. For
each test pair on Figures 14a, b and c, respectively, the front shapes are approximately the
same. Similar observation is made for the water moisture distributions on Figure 18 (Nielsen
et al., 1962). The water moisture distributions for the three tests of different durations (88,
344 and 740 min, respectively) with Columbia silt wet at - 2 millibars, i.e., at inlet head of
ho = -2cm, depicted on top of Figure 18, reveal a front of essentially the same shape
regardless of the time, t, of or distance traveled by the infiltration, X. Based on these
observations (Figures 14a, 14b, 14c and top of Figure 18) it is assumed that, for horizontal
infiltration at zero inlet head, termed here pure capillary infiltration, the diffusivefront
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retains its shape constant with respect to t and X within the time frame of the experiments,
i.e., the diffusivefront only translates, but does not distort its shape.
The tracking of the front development and advance is illustrated on Figure 55, where it is
imagined as if the saturation plot S(x), which consists of both solid and broken lines, is
translating to the right relative to the thick solid line (assumed at x = 0 for clarity), which
denotes the inlet point. The solid S(x) line and S* denote the saturation distribution and the
average saturation of the wetted part of the column, respectively. Employing calculus and
FDM simultaneously, S* is computed as:
X*
JS(x ix
S*= 0 (Si + Si4)(xi - xi (5.13)
where the subscript "i" denotes number of FDM point, and X* is the imaginary front
advance. The modeling of the column saturation during pure capillary (zero inlet head)
horizontal infiltration is performed for test NL 9 (NJFS and Soltrol 220, Appendix IV).
Table 14 contains the calculations for the diffusive front tracking for test NL 9.
Figure 56 presents the comparison between the experimentally obtained S, Sss - both
plotted vs. X, and the model curve S* vs. X, for test NL 9. The very good agreement between
S* vs. X* with both Sss and the experimental S vs. X plot proves the assumption of front
translation within the time frame of the experiments, i.e., wetting front translation during
short-term pure capillary infiltration, to be correct.
5.5.2. Advective vs. Diffusive Flows.
Figures 57a and 57b present the steady saturation values for the experiments done with
water and Soltrol 220, respectively. For Soltrol 220, all of the data are clustered in the region
ho = - 10 ~ 10 cm, with Sss = 0.65-0.86, with the only exception being that of the point
ho=50cm, Sss =0.80 (Test NL 8). Thus, the fairly large scatter and the limited ho - scope of
the data allow no definite conclusions about the trend Sss vs. ho to be made, except that for
Soltrol 220 and NJFS, the range ho =-10 -50 cm corresponds to Sss = 0.65-0.86.
For the tests with water, the majority of data are in the domain ho = - 15 - 15 cm, with
Sss = 0.65-0.85. However, the two extra points, one below the cluster above (Test NW 13,
ho=-30 cm, Sss =0.456), and one well above it (Test NW 14, ho=50 cm, Sss =0.856), suggest
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that there may be a distinct and specific trend of increasing of S, and Sx with the increase of
ho.
For water and NJFS, the estimation of the Sss vs. ho trend is based on the very good
second order polynomial fit-curves for S, and Sx(Eqs. 5.7, Figure 38, R2 = 0.9726 and
0.9847, for S, and Sx, respectively) within the range of ho =-10 -50 cm:
S~~ate~h0 =S1,ater _ -0.O003- hi +O.1018.h0 +4.2438
SSswater(ho) = - ,'ae .03 +0 1 8 o+423 (5.14)SX,,ater -0.0006 -h +0.1185 -ho +5.8445
Plotted on Figure 58, Sss, water(ho),which is in very good agreement with the
experimentally obtained data, shows an abrupt decrease in Sss in the zone ho =-35 to-40 cm,
i.e., in the vicinity of the air-entry head.
Equated to zero, Eq. (5.14) leads to:
Ssswater(ho) = 0 -> ho = -37.5 cm (5.15)
The values of ha = -35 cm and havaer NA = -39.2± 2.4 (Eq. 5.9, Figure 39) excellently
match with the above determined ho = -37.5 cm, which leads to the suggestion that during
the short term "No Advection"(Eq. 3.4), i.e., during diffusion only, Sss would be zero.
Another approach is also employed in order to obtain an estimate of the average column
saturation Sss at "No Advection" condition. Figure 52 shows that in all of the tests NW1 -
17, the front traveled a distance no less than 27 cm (Test NW 13, Appendix III). A
representative distance of 20 cm is chosen and the moments of time, at which the front
arrives there, i.e. when X=20 cm, for the different ho are compared. The moment of time at
which X=20 cm, termed t2o, for the different ho, and all the subsequent calculations are
summarized in Table 15. Figure 59a shows the adopted hyperbolic data fit (Bronstein and
Semendyaev, 1959) in the form:
I = 0.0032- ho + 0.099, R2 = 0.9606 (5.16)
t20
1 1
where the units are and cm, for - and ho, respectively. Figure 59b presents the
min t20
data plot of t20 vs. ho. The hyperbolic data fit (Eq. 5.16) is transferred on Figure 59b:
t 03h+.9(5.17)
-00.003 2- ho + 0.099
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Equation (5.17) evidences rapid increase of t2o once ho approaches the vicinity of the air-
entry head ha = - 35 cm. Since t2o increases abruptly when ho is decreased toward ha, and
apparently exceeds the time scale of the experiments (240 min for NW 13, Appendix III) by
orders of magnitude, it is concluded that Sss is zero during short-term "No Advection".
As discussed in the end of section 5.3, for NJFS and water, the polynomial regressions
(Eqs. 5.8a and b) correspond to ho = -30 -50 cm and are only used in the estimation of
haaer, NA = --39.2 cm as a zero intercept located closely below the above-mentioned range.
The actual trends of S, vs. ho and of Sx vs. ho for ho much greater than 50 cm most likely
differ from the local trend lines (Eqs. 5.8). However, one may intuitively expect, that the
general trends of S1 and Sx, which both increase with ho, will converge for large ho (e.g., for
ho thousands of cm) simply because the amount of liquid pressurized into the column would
fully saturate the soil there, i.e., since S = 1, 0= n, it follows that ks =K, I=X, Sx =Sj (Eqs.
2.12, 2.15, 3.10). The condition S = lat large ho is termedflushing and is purely advective
since change of the liquid content, i.e., beyond S = 1, 0= n, is not possible.
Figure 60 shows the linear regressions, i.e., the simplest that reflect a trend, adopted to
extrapolate Sr and Sx at large ho:
S, =0.096- h + 4.181, R2 =0.9649 (5.18a)
SX =0.1052- h +5.701, R2 = 0.9513 (5.18b)
Taking the limit of ratio of Sr and Sx (given by the equations above), when ho is directed
to infinity, gives the average column saturation at great inlet heads:
S, 0.096- ho +4.181 0.096
Sa =1lim,~ -- =1ims 18 ~o10 1 (COV 8.6%) (5.19)ho S, X o 0. 105 2. ho + 5.701 -0.105 2
which coincides with the intuitive expectation above.
Thus, for the short-term horizontal infiltration of water in NJFS, the domains of advecto-
diffusion and pure advection, i.e., flushing, expressed in terms of Sss, are thought to
correspond to the domains of ho ranging from ha to positive heads and onwards, respectively
(Figure 61).
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The present research focused on one-dimensional capillary induced horizontal
infiltration in dry sand and aimed for an explanation of the process. In view of the author,
interpretation of previous research and results, presented here, has led to the development of:
o An unified advecto-diffusive model that describes the capillary induced, i.e., wetting front,
infiltration as decelerating advective propagation of a diffusive front,
o An interpretive technique for the numerical modeling and computation of suction curves
for different liquids and sands, which is based on moisture distribution results from I-D
infiltration experiments and the inference of the heads through a hydraulic conductivity
correlation,
" An Approach for estimation of the air-entry head from "No Advection" condition, and
" A proposal for horizontal capillary infiltration that is advecto-diffusive or purely
advective, for inlet heads ranging from the air-entry suction head to positive heads,
respectively, and,
* A Simple apparatus and experimental procedure that ensures the consistency of results.
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6.1.2. Limitations of the Advecto - Diffusive Model.
The conceptual goal of the present research, i.e., an explanation of the capillary
infiltration in a uniform dry soil, imposed limitations on the scope of the experiments.
The identified limitations of the developed approach are that, so far:
" The investigated conditions, i.e., uniform dry sand and 1-D infiltration, are very simple,
" The model and its utilization for suction curves computation is largely interpretive, which
stems from the unavailability of a reliable technique for low liquid content measurements,
and from the lack of small-size non-intrusive head/pressure measurement devises, and
* The scope of the gathered data is limited to measurements of infiltration of only two
liquids in one soil.
6.2. Recommendations
Several aspects are considered important as directions for future work with respect of
confirmation, or invalidation, of the proposed advecto-diffusive model. These aspects are:
* Interpretation and/or conductance of more horizontal capillary infiltration experiments
with different soils, in particular non-uniformly graded, and liquids in order to complete and
enlarge the available data collection, thus providing a larger base for comparison and
generalization of wetting infiltration in soils,
* Development and/or employment of a non-intrusive suction / head measurement devices,
which is considered particularly important in order to eliminate the interpretation of the
heads from the modeling of the suction curves during wetting,
" Development and performance of 3-D infiltration experiments,
" Execution and comparison of vertical 1 -D (both upward and downward) and 2-D
infiltration tests, and,
* Performance of infiltration experiments of longer durations in order to study the evolution
of the diffusive front, and,
" Performance of infiltration experiments at inlet heads below air-entry suction head, and,
* Performance of "cross infiltration" experiments, in which the soil would be wetted initially
and flushed subsequently with different liquids.
-62 -
Measurements and Interpretation of Wetting Front Infiltration in Sands
REFERENCES
1. Lambe, W. T., Capillary phenomena in cohesionless soils, ASCE Transaction, Vol.
116, No. 4, pp.401-410, 1951.
2. Sivakumar Babu, G. L. S., Fox, P. J., Model for capillary-induced radial flow in
cohesionless soils, Geotechnical Testing Journal, Vol. 23, No. 3, pp. 369 - 376, 2000.
3. Sendov, S., Heat and mass transfer (Maso- i toploprenasyane), Technica Publihers,
Sofia (in Bulgarian), 1983.
4. Bruce, R. R., Klute, A., The Measurement of the soil moisture diffusivity,
Proceedings, SSSA, Vol.20, pp.458-462, 1956.
5. Nielsen, D. R., Biggar, J. W., Davidson, J. M., Experimental consideration of
diffusion analysis in unsaturated flow problems, Proceedings, SSSA, Vol.26, pp.107-
111, 1962.
6. Tindall, J. A., Kunkel, J. R., Unsaturated zone hydrology for scientists and engineers,
Prentis Hall, New Jersey, 1999.
7. Banno, K., Centrifuge modeling of immiscible fingering in porous media, M. S.
Thesis, Massachusetts Institute of Technology, Cambridge, MA, 1996.
8. Sjoblom, K., Mechanisms involved during de-saturation of a porous matrix, Ph. D.
Thesis, Massachusetts Institute of Technology, Cambridge, MA, 2000.
9. Philip, The theory of infiltration, Part 4. Sorbtivity and algebraic infiltration equation,
Soil Science, v. 84, pp. 257 - 264, 1957.
10. Holguin, A., Surface and interfacial tension measurements with a spinning drop
tensiometer, B.Sc. Thesis, Massachusetts Institute of Technology, Cambridge, MA,
1999.
11. Bronstein, I. N., Semendyaev, K. A., Handbook in mathematics for engineers and
university students. Part Six, Chapter II, Data assessment. Empirical formulas and
interpolation (Spravochnik po matematike dlya injenerov i uchaishtihsya vtuzov.
Chast' Shestaya, golova II, Obrabotka nablyudenii. Empirichiskie fomuli' I
interpolyaciya), GIFML, Moscow, 1959 (in Russian)
- 63 -
Measurements and Interpretation of Wetting Front Infiltration in Sands
- 64 -
Measurements and Interpretation of Wetting Front Infiltration in Soils
From Tindall and Kunkel (1999) Advecto-Diffusive Model
ksdH/I I ksH(x
x, cm x/X 0, S B BdO IBdO I d/dBI D(0) I 0dB Flow k/ks dO IksdHlksi(x) )
1.0C 0.02C 0.051 2 0.000 0.00 0.0C
2 75.9 1.0 0.03C 0.07 _ 0.02C 0.02 -3.87 0.0C 0.0C
3 75.85 1.0 0.04C 0.103 _ 0.02C 0.039 -7.7 0.0 0.0
4 75.75 1.0C 0.05C 0.128 _ 0.02C 0.059 -3.87 0.01 0.0C
5 75.71 1.0 0.06C 0.154 _ 0.02C 0.078 -9.6E 0.0C 0.0Ci
6 75.67 1.0 0.07( 0.179 _ 0.02C 0.098 -9.6E 0.01 0.0C
7 75.63 1.0 0.08C 0.205 _ 0.02C 0.117 -9.6E 0.01 0.0C
8 75.58 0.99 0.09C 0.231 _ 0.02C 0.137 -7.75 0.01 0.0C
9 75.5C 0.99 0.10C 0.256 1. 0.02C 0.156 -4.84 0.02 0.0C
10 75.4E 0.99 0.11C 0.282 1. 0.019 0.176 -7.75 0.01 0.0C
11 75.4 0.99 0.12C 0.308 1. 0.019 0.195 -7.75 0.01 0.0C
12 75.31 0.99 0.13C 0.333 1. 0.019 0.215 -7.75 0.01 0.0C
13 75.3 0.99 0.14C 0.359 1. 0.019 0.234 -7.75 0.02 0.00
14 75.2 0.99 0.15C 0.38E 1. 0.019 0.254 -7.75 0.02 0.00
15 75.1 0.99 0.16C 0.41C 1. 0.019 0.273 -5.51 0.02 0.0C0
16 75.0 0.99 0.17 0.43E 1. 0.019 0.293 -2.98 0.0 0.0C
17 74.9C 0.99 0.18C 0.469 1. 0.019 0.312 -2.58 0.0 0.00
18 74.75 0.98 0.19C 0.487 1. 0.019 0.331 -2.58 0.0 0.00
19 74.65 0.98 0.20C 0.513 1. 0.019 0.351 -3.87 0.0 0.00
20 74.4E 0.98 0.21C 0.538 1. 0.019 0.37C -1.94 0.1C 0.00
21 74.1 0.98 0.22C 0.564 1. 0.019 0.389 -1.29 0.14 0.00
22 73.8C 0.97 0.23C 0.59C 1. 0.019 0.408 -1.11 0.14 0.00
23 73.4 0.97 0.24C 0.615 1. 0.019 0.427 -0.97 0.24 0.00
24 72.8C 0.96 0.25C 0.641 1. 0.019 0.446 -0.65 0.3 0.00
25 72.08 0.95 0.26C 0.667 1.9 0.019 0.465 -0.54 0. 0.00
26 71.2C 0.94 0.27C 0.692 1.E 0.018 0.483 -0.44 0.55 0.01
27 69.9C 0.92 0.28C 0.718 1.8 0.018 0.501 -0.3C 0.84 0.01
28 69.0 0.91 0.29C 0.744 1.8 0.018 0.519 -0.4E 0.57 0.01
29 66.0 0.87 0.30C 0.769 1.7 0.017 0.537 -0.11 2.08 0.02
30 63.7 0.84 0.31C 0.795 1. 0.017 0.55 -0.17 1. 0.02
31 61.1C 0.8C 0.32C 0.821 1.E 0.016 0.57C -0.15 1.9 0.02
32 58.1! 0.77 0.33C 0.846 1.5 0.015 0.585 -0.13 2.2 0.02
33 54.8C 0.72 0.34 0.872 1.4 0.015 0.60C -0.12 2.5 0.03
34 51.2C 0.67 0.35 0.897 1.3 0.014 0.61 -0.11 2.8 0.03
35 47.1C 0.62 0.36 0.92L 1.2 0.013 0.620 -0.0 3.31 0.04
0.55 0.37 0.949 1.1 0.0111 0.637 -0.07 4.3d 0.05
-2.17
C 55.95 0.5E 5.59 -1.61
C 18.21 0.1 3.64 -1.43
( 22.87 0.2 2.29 -1.2
1 5.988 0.0 1.5 -1.14
C 4.101 0.q4 1.03 -1.1
C 2.923 0.0 0.73 -1.07
C 2.691 0.0 0.54 -1.05
C 3.262 0.03 0.41 -1.01
0.01 1.581 0.02 0.32 -1
0 0.01 1.251 0.01 0.25 -0.98
o 0.01 1.006 0.01 0.2 -0.97
0 0.02 0.822 0.01 0.16 -0.97
0 0.02 0.68 0.01 0.14 -0.96
0.03 0.797 0.01 0.11 -0.95
0.04 1.252 0.01 0.1 -0.94
0.05 1.232 0.01 0.08 -0.93
0.06 1.06 0.01 0.07 -0.92
0.07 0.612 0.01 0.06 -0.91
0.09 1.068 0.01 0.05 -0.9
0.11 1.405 0.01 0.05 -0.89
0.11 1.446 0.01 0.04 -0.87
0.15 1.465 0.01 0.04 -0.86
0.18 1.957 0.02 0.03 -0.84
0.21 2.1 0.02 0.03 -0.82
0.24 2.303 0.02 0.03 -0.79
0.27 3.064 0.0 0.02 -0.76
0.31 1.809 0.02 0.02 -0.74
0.36 5.783 0.00 0.02 -0.69
0.41 4.023 0.04 0.02 -0.65
0.46 4.215 0.04 0.02 -0.6
0.52 4.274 0.04 0.01 -0.56
0.59 4.428 0.04 0.01 -0.52
0.66 4.347 0.04 0.01 -0.47
0.73 4.527 0.05 0.01 -0.43
0.011 -0.37
37 32.5 0.43 0.38C 0.974 0.8 0.01C 0.64 -0.04 7.7 0.09 0.9 0.09 0.01 -0.2
38 0.0 0.39C 1.00C 0.004 0.6511-o.o1 2 <_ 0.28 0.01
ZOdB = 0.69 Oave= 0.35 S ave = 0.902
Table 1. Exemplary Computation of Moisture Content - Soil Suction Curve at Wetting
(data from Nielsen et al., 1962, and Tindall et al., 1999).
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3.Measured in fixed wall - constant head permeability test.
4.Calculated in 4.1.2.
Table 2. Properties of New Jersey Fine Sand, Distilled Water and Soltrol 220.
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Liquids Distilled Water Soltrol 220
Density, pi, g/cc 0.997 1,2 0.7951
Surface Tension, a, 103 gf/cm 7.313 2.58'
Viscosity, p, 10- gf.min/cm2  5.45 25.2'
Hydraulic conductivity, cm/min 0.204 3 0.0352 4
Measurements and Interpretation of Wetting Front Infiltration in Solis
Test ho, SI, 6X,
No. cm Cm cm
NW13 -30 -0.531 -0.82
NW1 1 -15 -1.59 -2.5
NW5 -1 0.04 1.12
NW6 -1 -0.12 1.22
NW12 - 0.12 0.41
NW1 I f -0.29 1.861
NW15 0.9 0.981
W2 _ -0.3 0.69
W7 _ 0.231 0.55
16 
_ 0._ 2
NW17 1.12 -1.0d 2.371
NW 51 0.5d 0.91
1W0l 1.22 0.911
NW4 Il 0.06 2.16
1NW9 15 0.8d 0.80NW10 15 0.611 0.8
NW14 5d 0.82 0.43
Table 3.Non-zero intercepts X and J, tests NW 1 to NW 17.
Sx. water
5.72 5.63 5.99 6.00 5.4C
2.01 2.85 2.81 2.99 2.99 2.69
2.5C 2.29 2.25 2.4C 2.4C 2.16
2.53 2.26 2.23 2.37 2.37 2.14
2.4 2.33 2.29 2.44 2.44 2.2C
2.27 2.52 2.48 2.64 2.64 2.38
2.46 0.25
Ave. Sx water/Sx. soltroiSD (Sx. wae/Sx. Soltrol)
Legend:
S . water
3.78 3.87 4.20 4.731 3.86
1.30 2.90 2.97 3.22 3.63 2.96
- 1.87 2.021 2.07 2.24 2.531 2.06
3 1.84 2.051 2.1 2.27 2.57 2.09
F 1.9 1.94 1.99 2.1 2.44 1.99
1.93 1.9 2.011 2.181 2.46 2.0C
2.35 0.45
1 Ave. Si. water/S. Soitrol SD (S. water/Si.Solro)
Si.water" 3.87
SIsotroI = 1.94 1.99
3.87 S. water
S1.94 I.Soltrol
T able 4. Scaiing of 1 and 3
-67 -
Measurements and Interpretation of Wetting Front Infiltration in Soils
Test nI Cross- Xend2 Water ho,
No. section Cm content cm S1 4 S x 4 S5
NW13 0.371 27.0 -30 0.80 1.75 0.456
NW11 0.38 51.5 -15 2.60 3.68 0.705
NW5 0.37 0 53.0 -10 3.57 4.74 0.751
NW6 0.38 61.5 -10 3.27 4.81 0.680
NW12 0.374 a 51.0 -5 3.92 5.31 0.739
NW1 0.36 64.5 0 3.78 5.72 0.661
NW15 0.375 0 60.0 0 3 0 3.87 5.63 0.688
NW2 0.37 52.0 0 4.20 5.99 0.700
NW7 0.372 58.0 0 4.73 6.00 0.789
NW16 0.385 Square 56.0 0 0 3.86 5.40 0.715
NW17 0.385 Channel 52.0 0 1.12 4.71 5.71 0.826
NW8 0.388 56.0 5 4.97 6.74 0.738
NW3 0.37 63.5 10 5.06 6.92 0.732
NW4 0.38 65.0 10 5.23 7.35 0.711
NW9 0.374 3 63.9 15 5.61 7.30 0.769
NW1O 0.382 - 66.5 15 5.68 7.52 0.755
NW14 0.367 _ 64.2 50 8.68 10.14 0.856
Notes:
1. Porosity range of n = 0.375±0.007
2. Water distribution obtained.
3. Xend denotes the position of the front at the end of experiment.
4. Units are cm
-,min
5. Average column saturation (Eq. 2.15): S =
Sx
Table 5. Summary of Tests NW 1 - NW 17, NJFS and Water.
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Test ni Cross- Xend 2 Soltrol ho,
No. section Cm content cm S,4 S x 4  S5
NL 6 0.36 -10 1.11 1.701 0.650
NL 7 0.37 -10 1.12 1.603 0.700
NL 1 0.37 Circular 0 1.3 2.006 0.650
NL 2 0.37 tube 0 1.87 2.496 0.750
NL 3 0.37 0 1.84 2.526 0.730
NL 10 0.39 Square o 3 0 1.94 2.454 0.792
NL 11 0.39 Circular 0 0 1.93 2.27 0.848
NL 9 0.39 Channel 0 3 2.18 2.647 0.863
NL 4 0.37 Circular 10 2.06 2.906 0.710
NL 5 0.36 tube 10 1.79 2.716 0.660
NL 8 0.38 J. 50 3.76 4.696 0.800
Notes:
1. Porosity range of n =0.374±0.010
2. Soltrol 220 distribution obtained.
3. Xend denotes the position of the front at the end of experiment.
4. Units are cm
-mi n
5. Average column saturation (Eq. 2.15): S=
Sx
Table 6. Summary of Tests NL 1 - NW 11, NJFS and Soltrol 220.
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Point x., Mt.., g M. , g M , g w 0 01 "A Vi, B, Bd(h IBd0h _d Di
i cm cc dB
60.00 0.00 0.000 0.00 0.0 5.72 - 0.000 - 0.00
59.91 0.010 0.03 0.0 5.71 0.057 0.057 -1.17 0.02
59.82 0.020 0.05 0.0 5.7 0.057 0.114 -1.17 0.05
1 59.73 12.09 13.55 13.4 0.11 0.19 0.030 0.08 0.0 5.7 0.057 0.171 -1.17 0.07
59.64 0.040 0.11 0.0 5.69 0.057 0.228 -1.17 0.10
59.55 0.050 0.13 0.1 5.68 0.057 0.285 -1.17 0.12
59.46 0.060 0.16 0.1 5.67 0.057 0.342 -1.17 0.15
59.37 1 0.070 0.19 0.1 5.66 0.057 0.398 -1.17 0.17
59.28 0.080 0.21 0.1 5.65 0.057 0.455 -1.17 0.20
59.19 0.090 0.24 0.2 5.64 0.056 0.511 -1.17 0.22
2 59.10 11.1 12.97 12.78 0.11 0.18 0.100 0.27 0.2 5.63 0.056 0.568 -1.17 0.24
3 58.50 11.13 13.77 13.53 0.10 0.16 0.130 0.35 0.6 5.58 0.168 0.736 -0.52 0.70
4 57.90 11.51 14.2 14 0.08 0.13 0.150 0.40 1.0 5.52 0.111 0.847 -0.35 1.21
5 57.30 9.26 11.5 11.32 0.09 0.14 0.170 0.46 1.5 5.46 0.110 0.957 -0.35 1.37
6 56.50 10.03 15.84 15.25 0.11 0.18 0.185 0.50 2.2 5.39 0.081 1.038 -0.20 2.64
7 55.50 12.16 18.49 17.87 0.11 0.18 0.200 0.54 3.2 5.29 0.080 1.118 -0.16 3.55
8 54.25 12.08 20.52 19.68 0.11 0.18 0.220 0.59 4.5 5.17 0.105 1.223 -0.17 3.64
9 52.50 11 23.43 22.14 0.12 0.19 0.232 0.62 6.5 5.01 0.061 1.284 -0.07 8.93
10 50.00 10.97 33.53 30.71 0.14 0.23 0.244 0.65 9.5 4.8 0.059 1.343 -0.05 13.33
11 46.00 17.94 53.98 49.15 0.15 0.25 0.260 0.70 14.6 4.39 0.073 1.416 -0.04 16.87
### 43 0.26 0.266 0.71 18.6 4.1 0.025 1.441 -0.02 34.36
12 40.00 18.19 78 69.65 0.16 0.26 0.270 0.72 22.7 3.81 0.041 1.457 -0.02
33.00 17.99 84.1 74.41 0.17 0.28 0.273 0.73 32.3 3.15 0.010 1.467 0.00 1
14 26.00 18.24 81.77 72.65 0.17 0.27 0.275 0.74 42.0 2.48 0.006 1.473 0.00 2
15 19.00 18.02 62.02 55.76 0.17 0.27 0.277 0.74 51.8 1.81 0.004 1.477 0.00
16 12.00 23.98 63.87 58.02 0.17 0.28 0.280 0.75 61.7 1.14 0.004 1.482 0.00
17 4.75 17.83 58.75 52.44 0.18 0.30 0.300 0.80 72.4 0.45 0.016 1.498 -0.03






60.00 0.000 0 - - - 5700
59.91 0.010 0 481686 4816.9 53521 -883
59.82 0.020 0 52341 523.41 5815.6 -359
59.73 0.030 0 14284 142.84 1587.1 -217
59.64 0.040 0 5683.2 56.832 631.46 -160
59.55 0.050 0 2780.1 27.801 308.9 -132
59.46 0.060 0 1549.8 15.498 172.2 -116
59.37 0.070 0 945.46 9.4546 105.05 -107
59.28 0.080 0 616.15 6.1615 68.461 -101
59.19 0.090 0 422.3 4.223 46.922 -96.6
59.10 0.100 0 301.18 3.0118 33.464 -93.6
58.50 0.130 0 288.14 8.6443 14.407 -85
57.90 0.150 0 272.66 5.4532 9.0886 -79.5
57.30 0.170 0.01 182.06 3.6412 6.0687 -75.9
56.50 0.185 0.01 246.19 3.6929 4.6161 -72.2
55.50 0.200 0.01 238.9 3.5835 3.5835 -68.6
54.25 0.220 0.02 164.12 3.2823 2.6258 -65.3
52.50 0.232 0.03 321.66 3.8599 2.2056 -61.5
50.00 0.244 0.03 388.76 4.6651 1.866 -56.8
46.00 0.260 0.04 376.74 6.0279 1.507 -50.81
### ### 0 696.9 4.182 1.394 -471
40.00 0.270 0.05 3.9442 1.3147 -42.7
33.00 0.273 0.05 8.7857 1.2551 -33.9
z
26.00 0.275 0.06 0 8.5204 1.2172 -25.4
19.00 0.277 0.06 . 8.2649 1.1807 -17.1
LU
12.00 0.280 0.06 o 7.8993 1.1285 -9.19
4.75 0.300 0.08 6.1228 0.8445 -3.07
0.00 0.320 0.11 3.0588 0.644 -0.01
medium: New Jersey sand liquid: water, 1g/cc
dry density: 1.656 g/cc porosity: 0.373
Experiment stopped at =110 min
X =60 cm, DX = 0 cm, V = 77.9 cc,
S x= 5.628 cm/minO.5, Dx = 31.67 cm2/min
Si = 3.873 cm/minO.5, dQ/dt = .0.185 cm/min
K=0.204 cm/min m=4.2
Table 7. Test NW 15,
Diffusivity and Suction Curve Calculations
- 70 -
Measurements and Interpretation of Wetting Front Infiltration in Soils
Point x. MPgM-1g M, .g w 8 9 S. V., 8, Bd . Bd .dj D
m c 08
56.00 0.OC 0.00C 0.0 0.C 5.3, - 0. - 0.X
55.9 0.01 0.03 0. 5.3 0.05 0.05 -2.10 0.01
55.9 0.02 0.04 0. 5.3: 0.05Z 0.101 -2.1 0.0
155.84 0.03C 0.0E 0.C 5.3: 0.05- 0.16( -2.1C 0.0
55.8d 0.04 0.1 0.q 5.32 0.2 0.21, -2.1C 0.05
- .o ii 1 5.Z2 0 05 0.26E -2.1C 0.]
55.7 1 0.06 0.1 0. 5.31 0.05 0.32 -2.1C 3.08
55.64 0.07( 0.1E 0.1 5.31 0.05, 0.37, -2.1C 0.09
55.6C 0.08C 0.21 0.1 5., 0.05: 0.42( -2.1 0.10
55.5E 0.09C 0.23 0.1 5.1 0.05: 0.47 -2.1( 0.11
I 555C 8.6 13.1C 12.81 0.07 0.11 0.10C 0.2E 0.1 5.2 0.5 0.53 -2.1C 0.13
54.65 0.12d 0.31 0.E 5.21 0.102 0.63 -0.2E 1.29
2 53.8 11.3 19.5 18.91 0.07 0.12 0.14 0.3 1.2 5.13 0.10- 0.74 -0.25 1.50
3 52.6C 12.21 22.0 21.0 0.11 0.17 0.161 0.4 2.11 5.02 0.121 0.861 -0.22 1,98
4 51 5C 11.2( 20.1E 19.2( 0.12 0.2C 0.181 0.4E 3.1 4.91 0.094 0.96 -0.1 2.53.
5 150.A 9.91 21.1E 19.8 0.13 0.21 0.20C 0.52 4.C 4.81 0.071 1.03 -0.1E 3-30
6 49.4 12.0 20.3, 19.3. 0.1j 0.2d 0.21, 0.55 5.2 4.71 0.05 , 1.096 -0.11 4.79
7 48.0C 10.3A 24.01 22. 0.14 0.2A 0.23C 0.6C 6.7 4.5 0.084 1.18 -01 43
8 46.5C 11.34 21.2 2 0..( 0.2 0 0.24C 0.62 8. 4. 0.04! 1.22 -0.07 8.7
9 45.5C 12.25 23.7 22.27 0.1! 0.24 0.25C 0.65 9 4. 0.044 1.26 -0.1c 6.05
10 44.5C 12.14 21. 20.62 0.1( 0.2E 0.257 0.67 11.1 4.2 0.03C 1.299 -0.07 .8
11 41 C 12.04 18.81 17.7 0.1E 0.2 0.275 0.71 15. 3.91 0.07A 1.372 -0.05 12.72
12 37.5C 10.84 20.5 19.07 0.1E 0.2q 0.28 0.74 20., 3.E t## 1.402 -0.01 29.2
13 32.5C 11.24 21.41 19.89 0.1E 0.3C 0.29( 0.75 28.C 3.1 0.022 1.42! -0.01 z0 
14 25.5C 11.84 25.21 23.22 0.17 0.2 0.29! 0.77 38 2.43 0.014 1.439 0.01
LU
f5 11. 1.07 18.12 7.1C 0.19 0.31 0.31C 0.81 59. 1.1 0.024 1.46 -0.01>
6 0.00 10.2 21.31 19.5C 0.21 0.34 0.34C 0.8E 78.7 0.01J 1.48 -0.03 <
dh
56. . 0 - - - 1-3423
55. 0.01 28538 2853. 570 -56
55. 0.02 31 310. 620 -259
55.8 0.0 846 84. 1693. -174
55. 0.04 3370. 33.7 674.0 -141
55.7 0.05 1649.1 16.491 329.8 -124
55.7 0.06 d 919. 9.1 183.9 -11
55.6 0.07d C _561.A. 5.6114 112.21 -109
55.6 0.08 d 365.83 3.658 73.16 -1
555 ( 250.81 2.5081 50.16 -10
54.6! 0.12d C 846.77 16.934 19.924 -84.5
53.8C 0.14c d 515.1 10.3 12.1, -74.2
52.6 0.1.65 0.01 341.72 8.54A 7.119, -65.7
51.5C 0.18 0.01 269.8 5.397 4.906 -60.3
50 5C 0.20C 0.01 253.55 3.8032 3.803 -56.5
49.4C 0.21A 0_02 287.9 3.455 3.141A -5
48.OC 0 23 0.0 186.72 3.360S 2.400E -49.
46.5 0.24 0.0 312.64 3.1264 2084 -46.
45.5 0.254 0.0 181.87 1.8187 1.8187 -44.
44.5C 0.25 0. 23683 1.6578 1.657E -4
41.C4 0.27d 0.0 256.2 4.6127 1.317 -38.
37.5 0.28 0.1 522.3 4.178 1.194 -
32.5 0.29 0. 6.1174 1 2235 -28.1
25.5- 0.29 0.07 7 970 1.1387 -202
115 C31 .08 12.94 0.9245 -7 22
0.0 -0.34. 0.1 7.212 0.627 .0.01
medium: New Jersey sand liquid: water. 19/cc
dry density: 1.63 g/cc porosity: 0.385
section: channel, 22.5x22.5 mm inlet head: 0 cm Ave. S = 0.715
Experiment stopped at t=96 min, X =56 cm. .'X = 1 cm. V = 72.2 cc
S = 5.40R cmimin2. D = 29.20 cm2/min
S,= 3.862 cm/minO.5
K = 0.204 cm/min m=4.2
Table 8. Test NW 16,






Measurements and Interpretation of Wetting Front Infiltration in Soils
Point x, Mw.,g Mag M&,g w 0 (h S, V6 B, Bdoh ZBdI A11 Di
cm cc dB
51.5( 0.00 0.00C 0.0C 0.C 4.91 - 0.000 - 0.00
51.4 0.01C 0.03 0.( 4.91 0.049 0.049 -2.1C 0.01
51.4 0.02C 0.0! 0.C 4. 0.044 0.09E -2.1C 0.02
51.3. 0.03C 0.0E 0. 4. 0.044 0.14A -2.1C 0.04
51.3C 0.04C 0.1C 0.C 4.8 0.044 0.194 -2.1C 0.05
51.2! 0.05C 0.1 0.C 4.8 0.044 0.245 -2.1C 0.06
51.2( 1 0.064 0.1d 0.C 4.8E 0.04E 0.294 -2.1( 0.07
51.1! 0.07C 0.1E 0.1 4.8E 0.04 0.343 -2.1C 0.08
51.1C 0.08C 0.21 0.1 4.87 0.044 0.391 -2.1C 0.09
51.01 1 0.09C 0.2 0.1 4.87 0.044 0.44C -2.1C 0.10
1 51.0C 8.68 16.5 16.13 0.06 0.1C 0.10C 0.2 0.1 4.86 0.044 0.484 -2.1C 0.12
2 50.0c 11.32 20.67 19.7 0.1C 0.17 0.17C 0. 0.8 4.77 0.33A 0.82E -0.7Z 0.56
3 49.0C 12.21 22.9 21.77 0.12 0.2C 0.20C 0.5 1.7 4.67 0.142 0.967 -0.31 1.54
4 48.OC 11.18 20.24 19.19 0.11 0.21 0.21! 0.54 2.8 4.5E 0.069 1.037 -0.1E 3.29
5 46.8C 9.95 18.8C 17.74 0.14 0.22 0.22! 0.5E 4.1 4.4E 0.045 1.082 -0.04 6.19
6 45.5C 12.03 21.8, 20.5E 0.1! 0.24 0.23. 0.61 5.6 4.34 0.044 1.12E -0.0E 6.98
7 44.OC 10.36 31.7' 28.9! 0.1 0.24 0.24! 0.64 7.5 4.2 0.04 1.16E -0.0 8.36
8 41.5C 11.35 39.8 35.8' 0.1E 0.2A 0.26C 0.6 10.7 3.96 0.061 1.23C -0.2E 9.77
9 39.5C 12.25 21.94 20.6C 0.1E 0.24 0.26! 0.6 13.3 3.77 0.01 1.24 -0.0 23.82
10 38.5C 12.18 22.2 20.8, 0.16 0.2A 0.27C 0.7 14.7 3.67 0.01 1.26E -0.05 12.09
11 35.0C 12.09 57.1 50.6, 0.17 0.2E 0.277 0.7 19.5 3.' 0.024 1.29 -0.02 30.8C
12 31.5C 10.86 19.24 18.0, 0.18 0.24 0.284 0.74 24.5 _ 0.02d 1.31A -0.02
13 22.5C 11.2 25.0 23.OC 0.18 0.2 0.29 0.75 37.6 2.1! 0.01 1.33C -0.01 z
0
14 14.5C 11.84 25.0 23.01 0.18 0.2 0.294 0.77 49.4 1.3E 0. - 1.33E -0.01
15 7.5C 11.07 22.31 20.54 0.19 0.31 0.31 0.81 60.2 0.72 0.01E 1.35, -0.02 0
16 2.OC 10.92 29.1 26.0 0.21 0.3 0.34 0.2C 69.A 0.1 0.01E 1.371 -0.07
17 0. 11.11 23.31 20.91 0.2 0.3 0.38d 1.2C 73. 0.00 1.37 -0.21
xi,
cm
JR tlg dh i, hi,
I dO I | cm
51.5C 0.00 - - - -313j
51.4,_ 0.01( C 26244 2624. 5248 -51C
51.4 0.02( C 2852 285.2 570 -22d
51.3 0.03C C 7786.E 77.86 1557. -147
51.3 0.04 ___( 3098. 30.98 619.7 -116
51.24 0.05C C 1516. 15.16 303.2 -101
51.2 0.06C __C 845. 8.45 169.1 -92.
51.1 0.07C ___C 515.9 5.159 103.1 -87.2
51.1 0.08 ____C 336.X 3.363 67.26 -83.8
51.0 0_09. _d 230.5E 2.305 46.11 -81.5
51.0C 0.10C d 164.41 1.644 32.89 -79.
50.0 0.17( 0.01 85.46, 5.982 5.982 -73.
49.0C 0.20( 0.01_ 118.0, 3.540 3.540 -70.4
48.0C 0.21! 0.0 186.6 2.800 2.800 -67.6
46.8C 0.22. 0.0A 289.71 2.897 2.414 -64.
45.5C 0.23, 0.0 272.1 2.721 2.0931 -61.9
44.0C 0.241 0.03 273.5' 2.735 1.823 -59.2
41.5C 0.26C 0.04 249.17 3.737 1.49 -55.5
39.5C 0.26, 0.04 560.6E 2.803 1.401 -52.7
38.5C 0.27C 0.05 263.0" 1.3151 1.3151 -51.4
35.0C 0.277 0.1 602 4.21 1.20 -47
31.5C 0.28! 0.04 6.318 1.805 -40.8
22.5C 0.29C 0.0 15.10 1.6781 -25.7
14.5C 0.29E 0.0, 2 12.49 1.561 -13.2
7.5C 0.31C 0.0 w 8.876 1.26 -4.35
2.0C 0.34 0.1 4.449 0.809 0.1
0.0 0.38 0. 1.020 0.510 1.12
medium: New Jersey sand liquid: water, 1 g/cc
dry density: 1.63 g/cc porosity: 0.385
section: OPEN channel, 22.5x22.5 mm inlet head: 1.12 cm Ave. S = 0.826
Experiment stopped at t=76 min, X =51.5 cm, AX = 0.5 cm, V = 79.3 cc
Table 9. Test NW 17
Diffusivity and Suction Curve
Calculations
-72-
Measurements and Interpretation of Wetting Front Infiltration in Soils
Point x, Mt., M , g w 0 81 S1  Vi, BI Bdeh iBdfli d_ ji Dii cm cc dB
0 45.0 0.0C 0.0C 0.00C 0.0C 0.C 2.75 0.00C 0.00C - 0.0C
44.95 0.013 0.A 0.C 2.75 0.03E 0.036 -4.25 0.0C
44. 
_ 0.024 0.07 0.C 2.75 0.03E 0.07d -4.24 0.01
44.8! 0.034 0.1C 0.C 2.74 0.03E 0.107 -4.2d 0.01
44.8C 0.05d 0.14 0.C 2.74 0.034 0.14Z -4.24 0.02
44.7! 0.064 0.17 0.C 2.74 0.03 0.17 -4.2! 0.04
44.7C 0.07E 0.21 0.1 2.74 0.03E 0.214 -4.2! 0.0
44.6 0.091 0.24 0.1 2.7" 0.034 0.25C -4.2! 0.0
44.6C 0.104 0.28 0.1 2.71 0.03E 0.28! -4.2! 0.0
44.54 0.117 0.31 0.1 2.7: 0.03d 0.321 -4.25 0.0
1 44.5 8.64 18.4 17.6 0.0E 0.1; 0.13C 0.35 0.2 2.7' 0.035 0.35E -4.25 0.04
2 43.C 11.31 20.24 19.44 0.1C 0.2C 0.21C 0.56 1.5 2.6' 0.214 0.57C -0.87 0.33
3 41.5 12.2C 22.85 21.69 0.1, 0.2 0.25C 0.67 3.2 2.5d 0.103 0.674 -0.44 0.77
4 40.5 11.2C 22.72 21.3E 0.1" 0.2E 0.27C 0.72 4.5 2.41 0.05C 0.724 -0.33 1.11
5 39.2 9.9! 19.57 18.4 0.14 0.2 0.29C 0.78 6.4 2.4C 0.04 0.773 -0.2! 1.54
6 38.C 12.0f 25.1E 23.44 0.1 0.3 0.30 0.82 8.2 2.31 0.035 0.808 -0.2C 1.98
7 37.6 10.3 20.1A 18.8- 0.14 0.31 0.31C 0.83 8.8 2.3C 0.012 0.82 -0.2C 2.01
8 35.5 11.37 22.95 21.3E 0.14 0.31 0.329 0.87 12.2 2.17 0.034 0.85 -0.19 3.65
9 34.5 12.2C 22.65 21.1 0.14 0.3 0.33C 0.88 13.E 2.11 0.011 0.864 -0.08 5.29
10 33.d 12.10 25.64 23.7f 0.1E 0.32 0.33" 0.89 16.1 2.0 0.00E 0.87C -0.01
11 31.7 12.11 23.5A 21.9E 0.1E 0.32 0.335 0.9C 18.! 1.94 0.004 0.874 -0.0 -
z
12 26.! 10.87 16.7C 15.8E 0.1 0.34 0.345 0.92 27.! 1.62 0.018 0.89 -0.0 0
D)
13 20.C 11.21 23.1, 21.4 0.1 0.34 0.355 0.95 39.C 1.22 0.014 0.90E -0.0
LL
14 10.C 11.83 20.9 19.5 0.14 0.3E 0.365 0.98 57. 0.61 0.009 0.91 -0.01 5
015 4. 11.04 21.4 19.8 0.11 0.37 0.374 0.9 68.4 0.24 0.002 0.91 -0.01 z
16 0.C 10.91 24.4C 22. 0.1E 0.37 0.37 1.0C 76. 0. 0.00C 0.91 -0.01
K
cm/min dH/dO dH i(x) H,cm
45. 0. - - - -96E
44.9! 0.01 7E-0E 57994 753.9 15079 -215
44.9C 0.02E 1E-O( 7764 100.9 2019 -114
44.8! 0.03. 5E-Of 2394 31.13 622.6 -82
44.8( 0.052 2E-05 103 13.51 270. -6G
44.7! 0.065 4E-05 543.E 7.069 141. -62
44.7C 0.078 8E-05 320. 4.164 83.2 -58
44.6 0.091 1E-04 204.7 2.661 53.2 -56
44.6( 0.104 2E-04 138. 1.80E 36.12 -54
44.5 0.11 4E-04 98.6E 1.283 25.65 -52
44.- 0.13C 6E-04 72.6! 0.944 18.89 -51
43.C 0.21 0.004 87.3$ 6.991 4.661 -45
41.E 0.25d 0.007 104.( 4.184 2.7E -4C
40.! 0.27C 0.01 111 2.22 2.22 -38
39., 0.29C 0.013 116.E 2.331 1.793 -36
38.C 0.30E 0.016 123." 1.849 1.541 -34
37.E 0.31C 0.017 117. 0.587 0.235 -33
35. 0.325 0.021 177. 2.66A 2.66A -31



























medium: New Jersey sand liquid: Soltrol 220, 0.795 g/cc
dry density: 1.63 g/cc porosity: 0.373
Experiment stopped at t=267 min, X = 45 cm, AX = 1 cm, V =69.8 cc,
dI/dt = .0668 cm/min
section: square inlet head: 3 cm
Average saturation: Sav = 0.863
Table 10. Test NL 9,


























Measurements and Interpretation of Wetting Front Infiltration in Soils
Point M..g M.g M.,g w 8 8i S, V., 8, Bd8. j Bd8l. dB D.I cm cc d8
49.( 0.00C 0.x 0.OC 0.C 2.5E 0. 0.00C 0.00
48.9C 4421 WX _. 0.04 0.C 2.5E 0.044 0.044 -3.23 0.01
48.8 44.97 _0.0 0. 0.C 2.57 0.044 0.08E -3.2 0.01
48.7C 44.92 0.0! 0.1 0.C 2.5A 0.044 0.131 -3.2 0.0
48.6d 44.9( 0.0 0.1A 0.1 2.5E 0.044 0.17 -3.2 0.0
48.5C 44.87 Ii:-. 0.24 0.1 2.54 0.04, 0.21E -3.2 0.uaI
48.4J 44.85 0.1 0.24 0.2 2.5 0.4M 0.26 -3.2 0.04
48.3C 44.82 0.1 0.3C 0.2 2.54 0.04, 0.301 -3.2 0.051
48.2C 44.8C 0.14 0.34 0.1 2.54 0.04" 0.34E -3.2 0.05
48.1( 44.70 0.1E 0.34 0.2 2.54 0.04- 0.391 -3.2 0.06
17 48.C 11.11 18.9A 18.29 0.0E 0.18 0.15( 0.3C 0.4 2.5 -0.00 0.384 0.5/ -0.3 4
18 46.2 11.9E 21.4C 20.54 0.1c 0.2 0.21! 0.5. 2.1 2.4r 0.161 0.545 -0.6 0.4
19 45. 11.07 20.1C 19.17 0.11 02 024 0.61 3.2 2.3A 0.06 0.605 -0.4 0.6
20 44.C 12.1 22.81 21.6, 0.1 0.2 0.26! 0.64 4. 2.32 0.05 0.664 -0.4d 0.8
21 421 10.1 22.46 20.8 0.1 0.3 0.29C 0.7 6.T 2.2! 0.05A 0.721 -0.34 1.__
22 41. 10.4 22.4 20.9 0.14 0.2d 0.30 0.7 8.4 2.1 0.03 0.75 -02(  16
23 40. 7.31 17.3, 15.9 0.1! 0.31 0.31 0.80 10. 2.1, 0.02d 0.77E -0.1E 2.4
24 38.E 11.0C 25.11 23.14 0.14 0.3 0.324 0.8$ 12. 2.0 0,021 0.797 -0.11 3.15
25 37 10.8C 22.11 20.6E 0.1 0. 0.33( 0.84 15.C 1.9- 0.01 0.807 -0.07 5.95
26 35. 12.07 31.93 29.2 0.1! 0.31 0.331 0.8E 18., 1.87 0.01J 0.82C -0.04 5.87
27 34.4 10.9C 28.94 26.2E 0.17 0.3! 0.34e 0.8A 20.( 1.8, 0.00 0.83C -0.0 4.37
28 32.4 10.62 22.2 20.5 0.1E 0.3E 0.35C 0.8E 24.1 1.6 0.014 0.844 -.00 6.95
29 30.4 11.1 26.7, 24.3A 0.1E 0.3E 0.351 0.9C 27.C 1.61 0.001 0.844 -0.01
30 22.E 12.2C 35.64 32., 0.17 0.3! 0.35E 0.91 41.1 1.1 0.00E 0.851 -0.01
31 14. 11.0( 38.3C 34.2! 0.17 0.3. 0.365 0.9q 55. 0.7E 0.01C 0.861 -0.02
32 1. 11.01 39.2( 34.6Z 0.19 0.3E 0.38 0.9E 81., 0.0E 0 0.864 -0.0 <
C 0.3 0.32 1.0C 83.. 0.0C 0.22C 0.86 -0.11
dlO, dh, I h ,CM
49. 0. 0.0 - - - -8
48. 0.0 2E-0 3992_ 678. 678 -19
48. 0.0 3E-OE 534 90.8 908. __-10e
48.7 0.0 1E-V, 1647 2 28 -8C
48. 0.0 4E-0 714. 12.1 121.4 -67
48.5 0.04 9E-0 373. 6.351 63.51 -61
48. 0.1d 2E-04 224 3. 37.3 -571
48. 0.1 3E-04 140. 2.38 23.8 -
48.2 0.14 6E-04 95. 1.6 16. -5
48.1 0.1d 9E-04 67. 6 1.1 11. -5
48. 0.15d E-_04 -_ .i i .i Z4 4-
46. 0.21 0.00 _ 117. 7.651 4.25 -
45. 0.24C 0.004 122. 3.07' 3.073 -4
44. 0.264 0.00 111 2.74 2.291 -
42. 0.2 0.011 98.01 2.4 1.75 3
41. 0.304 0.01 110.3 1.654 1.504 -3
40. 0.314 0.01 163.7 1.63A 0.60E -3
38. 0.32! 0.01 186 1.84 1.32C -3
37. 0.33C 0.018 331.2 1.65( 0.87, -28
35. 0.337 0.02 300.8 2.10E 2.10( -26
34. 0.342 0.021 211.6 1.05E 0.425 -25
32. 0.35C 0.023 307.3 2.21 0.88E -23
30. 0.351 0.022 1.317 0.878 -22
22.6 0.355 0.024 6.635 0.84 -151
14.5 0.365 0.027 6.104 0.754 -8.8
1 0.385 0.033 < 8.14 0.612 -0.7
0.392 0.035 0.68 0 571
medium: New Jersey sand liquid: Soltro 220. 0.795 g/cc
dry density: 1.61 g/cc porosity: 0.392
Experiment stopped at t=360 min. X = 49 cm AX = 3 cm
V =72.1 cc, di/dt = 0.0512 cm/min
3ection: square inlet head: 0 cm Average saturation: Sav = 0./
Table 11. Test NL 10,
Diffusivity and Suction Curve
Calculations
NCTES:
1. Brooks & Corey correlation with m = 3.9 used. The value m = 3.9 estimated with circular iteration. .e. the assumed (inout) m = computed (output) m
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_ wfit by hand V(x)# x, cm x/X MW, g Mt+s+ M _+s, g ws 9ma> 0, 9/Omax S cc B BdB EBdO dO/db D(G)
44.C 1.0C 0.00 0 0.00C 0.000 0.0C 0.C 2.3 - 0.00 - 0.00
43.95 1.0C 0.011 0.03q 0.03 0.C 2.31 0.03C 0.03C -4.93 0.OC
43.C 1.0C 0.02E 0.0 0.0 0.C 2.31 0.03C 0.06C -4.9 0.01
43.84 1.0C 0.03S 0.101 0.1C 0.C 2.31 0.03C 0.09C -4.9 0.01
43.84 1.OC 0.052 0.1a 0.1 0.C 2.31 0.03C 0.12C -4.9 0.01
43.74 0.9 0.06 0.16E 0.1 0.C 2.31 0.03 0.15( -4.9 0.0d
43.74 0.91 0.07E 0.202 0.2C 0.1 2.3C 0.03( 0.18C -4.9 0.
43.64 0.9 0.091 0.2 0.2A 0.1 2.3C 0.03C 0.21C -4.9 0.01
43.6C 0.9 0.104 0.27 0.2A 0.1 2.3C 0.03C 0.24C -4.9 0.01
43.54 0.90 1 0.117 0.304 0.3C 0.1 2.3C 0.03C 0.27C -4.9 0.0
1 43.! 0.9c 8.64 9.95 9.87 0.07 0.1j 0.34 0.13C 0.3E 0.3" 0.2 2.24 0.03( 0.3(C -4.9 0.02
2 42.C 0.91 11.37 13.76 13.5E 0.09 0.14 0.44 0.18C 0.46E 0.4 1.1 2.21 0.11 0.41, -0.6 0.31
3 40.! 0.91 12.2C 14.64 14.45 0.11 0.2d 0.57 0.22C 0.571 0.5( 2. 2.1A 0.08- 0.491 -0.51 0.49
4 39.C 0.8. 11.07 13.5A 13.j 0.12 0.25 0.64 0.25C 0.64! 0.64 4.E 2.06 0.061 0.562 -0.38 0.74
5 37.4 0.8E 9.85 12.9( 12.62 0.12 0.25 0.65 0.26E 0.691 0.6f 6., 1.99 0.03 0.595 -0.25 1.18
6 36.d 0.8, 12.07 17.8f 17.1E 0.14 0.29 0.75 0.29C 0.75, 0.74 8.1 1.91 0.047 0.641 -0.28 1.13
7 34.E 0.7 10.38 15.8' 15.1 0.1 0.27 0.71 0.30! 0.79' 0.7f 10.4 1.83 0.02E 0.669 -0.2C 1.6
8 34.d 0.7E 11.32 16.5, 15.8 0.1 0.32 0.82 0.31, 0.81( 0.8( 11.! 1.8C 0.01, 0.682 -0.22 1.54
9 31.4 0.71 12.3C 21.3 20.1 0.1 0.33 0.85 0.33C 0.85- 0.8j 15. 1.6 0.031 0.714 -0.15 2.4C
10 30.A 0.6 12.17 22.5E 21.1 0.1 0.34 0.87 0.34C 0.88 0.87 18.C 1.6C 0.016 0.73C -0.12 3.0
11 27.4 0.6 12.06 28.3C 25.91 0.17 0.35 0.9 0.35C 0.90E 0.8 22. 1.45 0.015 0.745 -0.0 5.5C
12 24. 0.5! 10.81 22.57 20.81 0.1E 0.36 0.94 0.351 0.91 0.9C 29.1 1.26 0.001 0.74A -0.01 68.8E
13 21.C 0.4 11.08 23.22 21.34 0.1E 0.38 0.9E 0.352 0.91 0.9C 34.4 1.11 0.001 0.74f -0.01
14 17. 0.4 11.83 25.1E 23.22 0.17 0.35 0.9, 0.35: 0.91 0.9C 40.7 0.92 0.001 0.74E -0.01
15 15. 0.3! 11.07 25.7! 23.55 0.1E 0.3E 0.94 0.354 0.91 0.9d 44.2 0.82 0.001 0.75C -0.01
16 10. 0.2d 10.9C 30.3C 27.53 0.17 0.34 0.84 0.35E 0.93C 0.91 52.9 0.56 0.003 0.75d -0.02
17 6.C 0.14 11.11 25.31 23.2 0.17 0.3 0.9, 0.365 0.9 0.9 61. 0.32 0.00 0.75 -0.03 <
18 _ 0.01 11.92 29.2C 26.62 0.1E 0.3 0.9z 0.375 0.97d 0.9E 69. 0.11 0.00d 0.75 -0.05
- 0.0( 0.3 1 0.38 1.00( 0.91 72. 0.0 0.001 0.75E
K
cm/min dH/dO dH 1(x) H,cm
Tc,
bars
44.C 0.00d _ - - - -854 0.855
43.9, 0.01A 6E-0E 51049 663.6 663E -19d 0.195
43.9( 0.02d 9E-0, 6835 88.86 888.( -107 0.10-
43.8, 0.03 4E-0E 2108 27.4 274 -7 0.075
43.8C 0.05 1E-0. 914.7 11.84 118. -67 0.067
43.7E 0.065 3E-0! 478.6 6.22d 62.2' -61 0.061
43.7C 0.078 6E-0! 281.9 3.66! 36.6 -5A 0.057
43.6E 0.091 1E-04 180.2 2.34z 23.4 -5, 0.055
43.6C 0.10A 2E-04 122. 1.58E 15.84 -5- 0.054
43.5E 0.11~ 3E-04 86.84 1.129 11.2 -5, 0.052
43.E 0.13C 5E-04 63.94 0.831 0.53( -5, 0.052
42.C 0.18C 0.002 192.9 9.643 3.21d -4A 0.042
40.d 0.22C 0.004 133.5 5.338 1.77 -3- 0.037
39.C 0.25C 0.00E 121.7 3.651 1.35d -3 0.033
37.E 0.26( 0.008 151.6 2.42 0.86( -3C 0.03C
36.z 0.29C 0.011 103.8 2.44 0.8 -2E 0.028
34.1 0.305 0.01 124.5 1.868 0.934 -2 0.026
34. 0.31A 0.014 106.7 0.747 0.25 -2! 0.025
31.E 0.334 0.01E 133.7 2.406 0.617 -2' 0.023
30. 0.34C 0.01 152.4 1.524 0.346 -21 0.021
27.E 0.35C 0.02 243.2 2.432 0.38( -1 0.019
24.C 0.351 0.02 3011 3.011 0.46" -1 0.016
21.C 0.352 0.02 < a= 2.231 0.74 -14 0.014
17.A 0.35d 0.02 1 2.574 0.73 -11 0.011
15. 0.354 0.024 1.45d 0.72 -9. 0.010
_10". 0 35 _0_02 1 3.342 0.69E -6.4 0.006
6.C 0.36d 0.02 303d 0.64E -3.4 0.003
C 0.38 0.033 1 04 0.524 -d 0.000
medium: New Jersey sand liquid: Soltrol 220, 0.795 g/cc
dry density: 1.63 g/cc porosity: 0.385
Experiment stopped at t=360 min, X = 44 cm, AX = 1 cm,
V =70.9 cc, di/dt = 0.0508 cm/min
NOTES:
Brooks & Corey correlation with m = 3.9 used. The value m = 3.9 estimated
with circular iteration, i.e. the assumed (input) m = computed (output) m.
Table 12. Test NL 11,
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Mt+s+w. 0, by _jL V(x)
* x. cm x/X Mt, g g Mt+s, g w 0 0/Omax hand Omax S(x) cc B BdO !Bd@ d(/db D(O)
51.50 1.00 0.00 0.00 0.000 0.000 0.00 0.0 4.91 - 0.000 - 0.00
51.45 1.00 0.035 0.091 0.09 0.0 4.91 0.172 0.172 -7.34 0.01
51.40 1.00 0.060 0.156 0.16 0.0 4.9 0.123 0.294 -5.24 0.03
51.35 1.00 0.075 0.195 0.19 0.0 4.9 0.073 0.368 -3.15 0.06
51.30 1.00 0.085 0.221 0.22 0.1 4.89 0.049 0.417 -2.10 0.10
51.25 1.00 0.090 0.234 0.23 0.1 4.89 0.024 0.441 -1.05 0.21
51.20 0.99 0.093 0.242 0.24 0.1 4.88 0.015 0.456 -0.63 0.36
51.15 0.99 0.095 0.247 0.25 0.1 4.88 0.010 0.466 -0.42 0.55
, ... 51.10 0.99 0.097 0.252 0.25 0.1 4.87 0.010 0.475 -0.42 0.57
51.05 0.99 0.099 0.257 0.26 0.2 4.87 0.010 0.485 -0.42 0.58
1 51.00 0.99 8.68 16.59 16.13 0.06 0.10 0.26 0.100 0.260 0.26 0.2 4.86 0.005 0.490 -0.21 1.17
2 50.00 0.97 11.32 20.67 19.79 0.10 0.17 0.43 0.160 0.416 0.42 0.9 4.77 0.289 0.779 -0.63 0.62
3 49.00 0.95 12.21 22.93 21.77 0.12 0.20 0.51 0.190 0.494 0.49 1.7 4.67 0.142 0.920 -0.31 1.46
4 48.00 0.93 11.18 20.24 19.19 0.13 0.21 0.55 0.210 0.545 0.55 2.8 4.58 0.092 1.013 -0.21 2.41
5 46.80 0.91 9.95 18.80 17.74 0.14 0.22 0.57 0.220 0.571 0.57 4.1 4.46 0.045 1.058 -0.09 6.05
6 45.50 0.88 12.03 21.83 20.56 0.15 0.24 0.62 0.230 0.597 0.60 5.5 4.34 0.044 1.102 -0.08 6.83
7 44.00 0.85 10.36 31.73 28.95 0.15 0.24 0.63 0.245 0.636 0.64 7.3 4.2 0.064 1.166 -0.10 5.56
8 41.50 0.81 11.35 39.83 35.83 0.16 0.27 0.68 0.255 0.662 0.66 10.5 3.96 0.041 1.207 -0.04 14.38
9 39.50 0.77 12.25 21.95 20.60 0.16 0.26 0.68 0.265 0.688 0.69 13.1 3.77 0.039 1.246 -0.05 11.88
10 38.50 0.75 12.18 22.25 20.84 0.16 0.27 0.68 0.270 0.701 0.70 14.5 3.67 0.019 1.264 -0.05 12.05
11 35.00 0.68 12.09 57.19 50.62 0.17 0.28 0.71 0.282 0.732 0.73 19.4 3.34 0.042 1.306 -0.04 18.16
12 31.50 0.61 10.86 19.29 18.03 0.18 0.29 0.73 0.292 0.758 0.76 24.5 3 0.032 1.338 -0.03 22.32
13 22.50 0.44 11.20 25.09 23.00 0.18 0.29 0.74 0.295 0.766 0.77 37.8 2.15 0.008 1.346 0.00 z
14 14.50 0.28 11.84 25.03 23.01 0.18 0.29 0.76 0.300 0.779 0.78 49.9 1.38 0.009 1.354 -0.01 0
15 7.50 0.15 11.07 22.37 20.54 0.19 0.31 0.81 0.320 0.831 0.83 60.9 0.72 0.021 1.375 -0.03 w
16 2.00 0.04 10.92 29.12 26.02 0.21 0.33 0.86 0.340 0.883 0.88 70.1 0.19 0.009 1.384 -0.04





cm/m dH/dO dH (x)
H(x) 'P,
,cm bars
51.50 0.000 0 - - - -151 0.15
51.45 0.035 0 1359.6 47.585 951.7 -104 0.10
51.40 0.060 0 338.89 8.4722 169.44 -95.3 0.10
51.35 0.075 0 276.42 4.1462 82.925 -91.2 0.09
51.30 0.085 0 277.68 2.7768 55.536 -88.4 0.09
51.25 0.090 0 462.43 2.3121 46.243 -86.1 0.09
51.20 0.093 0 693.83 2.0815 41.63 -84 0.08
51.15 0.095 0 972.13 1.9443 38.885 -82 0.08
51.10 0.097 0 909.31 1.8186 36.372 -80.2 0.08
51.05 0.099 0 851.7 1.7034 34.068 -78.5 0.08
51.00 0.100 0 1649.3 1.6493 32.987 -76.9 0.08
50.00 0.160 0.01 121.33 7.2799 7.2799 -69.6 0.07
49.00 0.190 0.01 139.32 4.1795 4.1795 -65.4 0.07
48.00 0.210 0.02 151.04 3.0207 3.0207 -62.4 0.06
46.80 0.220 0.02 311.44 3.1144 2.5953 -59.3 0.06
45.50 0.230 0.02 291.56 2.9156 2.2428 -56.4 0.06
44.00 0.245 0.03 181.98 2.7298 1.8198 -53.6 0.05
41.50 0.255 0.04 398.02 3.9802 1.5921 -49.7 0.05
39.50 0.265 0.04 279.57 2.7957 1.3979 -46.9 0.05
38.50 0.270 0.05 262.31 1.3116 1.3116 -45.5 0.05
35.00 0.282 0.06 329.27 3.9512 1.1289 -41.6 0.04
31.50 0.292 0.06 349.6 3.496 0.9989 -38.1 0.04
22.50 0.295 0.07 14.056 1.5618 -24 0.02
14.50 0.300 0.07 11.642 1.4553 -12.4 0.01
7.50 0.320 0.09 7.7679 1.1097 -4.63 0.00
2.00 0.340 0.12 4.7311 0.8602 0.1 0.00
0.00 0.385 0.2 1.0206 0.5103 1.12 0.00
Table 13.
Test NW 17. Influence of the Front Shape on
Diffusivity and Suction Curve Calculations.
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Point Test NL 9 X*, S* = S*(X*)
_ x cm 0, Si cm SAX* zSAX* S*
0 45.0 0.000 0.00 0.00 0.000 0.000 0.000
1 44.95 0.013 0.03 0.05 0.001 0.001 0.017
2 44.90 0.026 0.07 0.10 0.003 0.003 0.035
3 44.85 0.039 0.10 0.15 0.004 0.008 0.052
4 44.80 0.052 0.14 0.20 0.006 0.014 0.070
5 44.75 0.065 0.17 0.25 0.008 0.022 0.087
6 44.70 0.078 0.21 0.30 0.010 0.031 0.105
7 44.65 0.091 0.24 0.35 0.011 0.043 0.122
8 44.60 0.104 0.28 0.40 0.013 0.056 0.139
9 44.55 0.117 0.31 0.45 0.015 0.071 0.157
10 44.5 0.130 0.35 0.50 0.017 0.087 0.174
11 43.0 0.210 0.56 2.00 0.684 0.771 0.385
12 41.5 0.250 0.67 3.50 0.925 1.696 0.484
13 40.5 0.270 0.72 4.50 0.697 2.393 0.532
14 39.2 0.290 0.78 5.80 0.976 3.369 0.581
15 38.0 0.305 0.82 7.00 0.957 4.326 0.618
16 37.6 0.308 0.83 7.40 0.329 4.654 0.629
17 35.5 0.317 0.85 9.50 1.759 6.414 0.675
18 34.5 0.320 0.86 10.50 0.854 7.268 0.692
19 33.0 0.326 0.87 12.00 1.299 8.567 0.714
20 31.7 0.330 0.88 13.30 1.143 9.710 0.730
21 26.5 0.340 0.91 18.50 4.670 14.380 0.777
22 20.0 0.350 0.94 25.00 6.012 20.392 0.816
23 10.0 0.360 0.97 35.00 9.517 29.910 0.855
24 4.0 0.365 0.98 41.00 5.831 35.741 0.872
25 0.0 0.370 0.99 45.00 3.941 39.682 0.882
Notes:
1. Porosity of column, n = 0.373




S*= 0 X* -I (Si + Si- )x -xi-
Table 14.
Front Development Tracking, Test NL 9, NJFS and Soltrol 220.
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Test No ho, S1, Sx, t2 0, X (t20) 2, it 20 ,
cm cm/9min cm/lmin min cm 1/min
NW13 -3q 0.8q 1.75 140.03 20.03 0.0071
NW11 -15 2.60 3.68 35.0 19.0 0.0285
NW5 -10 3.57 4.74 15.5 20.2 0.0645
NW6 -10 3.27 4.81 14.( 19.5 0.0714
NW12 -5 3.92 5.31 14.( 20.3 0.0714
NW1 0 3.78 5.72 10.( 20.0 0.100C
NW15 _ 3.87 5.63 10.3 19.5 0.097C
NW2 _ 4.20 5.99 10.0 20.3 0.100C
NW7 _ 4.73 6.00 10.5 20.3 0.0952
NW16 0 3.86 5.40 10.( 20.3 0.100C
NW17 1.12 4.71 5.71 10.C 21.0 0.100C
NW8 5 4.97 6.74 7. 19.3 0.1428
NW3 10 5.06 6.92 7.( 20.0 0.1428
NW4 10 5.23 7.35 7.C 22.5 0.1428
NW9 15 5.61 7.30 7.( 20.7 0.1428
NW10 15 5.68 7.52 7.0 21.3 0.1428
NW14 50 8.68 10.14 4.0 21.0 0.250C
Notes:
1.If not noted, all values of t2o are from tables, NW 1 - 17, Appendix III.
2. Front advance, X, at t20 , from the tables, tests NW1 - 17, Appendix III.
3. Estimated from X vs. t graph, test NW 13, Appendix III.
Table 15.
Estimation and comparison of t20. Plot of t2o vs. h0.
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Conceptual diagram of DNAPL rugration through the subsurface. As the diagram indicates, some DNAPL remains
as an entrapped residual in the soils (indicated by the dark shading), some migrates as a separate fluid phase (indicated by the
black areas), some dissolves in the ground water to create plumes (indicated by the light shading), and some vaporizes into the
gas in the soil pores (indicated by white areas).








* LNAPI. ResAdu Doissowd LA.in Ground Water
P ,S eparal. -: Vapors EmanangFud Phas -' Irm LNAPt.
Conceptual diagram of LNAPL transport through the subsurface. As the diagram indicates, some LNAPL remains
entrapped in the soil pores, some remains as a separate fluid phase near the spill source and on top of the water table, some
vaporizes into the soil pores, and some dissolves in the ground water to form a plume. SOURCE: Modified from API, 1989.
b) LNAPL transfer conceptual diagram ( NRC 1994)
Figure 1. NAPL transfer in soil (NRC 1994).
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Figure 4. Matric Suction in Soil.
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FIG. 1-Linear horizontal capillariiy test (h, = applied head at influ-
eni end, h, = true capillary head, and h' = effective capillary head
for a constant gradient over length L (after Lambe 1951).
Figure 6. Green-Ampt model (Babu and Fox, 2000).
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(b) TOTAL HEADS Loution of wetted surface
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Figure 8. Total Head Distributions (Lambe, 1951)
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FIG 3-Radmi harikntal capilva resl aqparM.

























OC;. 5-Movementa f the wetrinq front in a radlalfor Ouaw said (the xdopes of the lines have units ef nin' )
TABLE i -- Swarnr f linear and radial horizomal caPillarity rest resuits.
Linear Tests Radial Tvrts
w. , K, 14. K., W.K,. 
Matri %? cm/s m M/s e % % C Is CM
Ottawa sand 0(10 1.3 95 4.4 W 2I4 - 0 14 22.0 69 1..i X I G lM
Ottawa sand 0.54 17,8 88 5.0 X 10-1 7.15 l.5 X 10, 0.47 16.3 95 1.1 X 10~^ 5.36
Ottawa sand 0.69 24.0 94 6.3 X 10 L40 5.0 X 10~ 0,48 16.1 90 5.3 x 10 16.1Otlawasand 0.64 22.7 97 3.4 X 10- 2.20 2.7 X 1f~1 0852 l13 95 4.2 X 0-2 14.9
Michigan sand 0.65 23.7 99 6. x lo' 1.67 .4 X 10 2 0.51 17.9 95 10 x 10 213
Silt 0.91 29.8 89 1.1 X 104 77.8 1.1 x l0 0.84 23.2 74 9.0 x 10 215
Sil' 0.99 33.2 89 1.0 < 10~4 30 - 0.74 25.1 92 3.0 X 10- 104
Silt 0.96 31.5 89 I.o X lo 55.6 1 L7 X 1Q 5 092 26.3 81 15 x 10 350
Figure 11. Typical plot of radial front advance with time ( Babu and Fox., 2000)
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Qt(x+dx) + dQv = Qt(x)
Figure 12. Derivation of the Moisture Diffusion Equation.
Flow Column





Figure 13. Apparatus for obtaining moisture distribution curves
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Ft. 2.-Typcal iobitre distri0utioa curves: d). 75J& glas beat 01J50 to, 250 p Bloomfield sand; (c) Mason county fine sand;(4) Bloomfield sand at thre diferent initiA moisture content.































3.- alculated diffusivity- moisture content Qurves: (4) 75-14 glass beads; Ph) 50 to 250-R Bloomfield sand; (c) Nfason countyfine sand; (d) Bloomfield sand at three different initial moisture contents.
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Measurements and Interpretation of Front Infiltration in Soils
aRA1wATE-
CYUNOER
FRITTED CLASS BEAD PLATEN
SOIL
7 cm SECTIONS OF TUSING
ELEXIBLE TUOBOP
.
Figure 16. Horizontal Capillarity Apparatus ( Nielsen et al., 1962)
Figure 2-Distance to the wetting front vs. tP/2 for hori-
zontal columns of Columbia silt loam wet at -2 milli-
bars to lengths of 25, 50 and 75 cm.
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Figure 3-Distance to the wetting front vs t1/ 2 for hori-
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Figure 4.-Distance to the wetting front vs. t" 2 for hori-











Figure 5-Distance to the wetting front vs. t1/ 2 for hori-
zontal columns of Red Bluff clay wet at -2 millibars.
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Figure 8-Three soil moisture, content distribution curves
for Columbia silt loam wet at 2-iars. The solid
curves are calculated fr-m the broken Curve for the
greatest thin.
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t gure 9--$o ioisture content diittibution ourves for
Cuvesa Ltaui wet at -- 100 milhars. Th, broken
curves are exPerimental. The solid curves are calculated
from the broken curve for the greatest time.
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WATER CONTENT 9 (d/UI
Figure 14-Soil moisture diffusivity vs. water content
curves calculated for Columbia silt loam wet at -2,
-50 and -100 millibars.
065 W5 Q0 Q25 Q30 a 6
WATER CONTENT 0 -An
Figrre 15-Soil moisture diffusivity vs. water content
curves calculated for Hesperia sandy loam wet at -2,
-50 and -100 millibars.
curateportion of the moisture distribution curves qbttainq4.
Figure 19. Diffusivity calculations ( Nielsen et al., 1962)
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Interpretive Model of 1-D Horizontal Capillary Infiltration
Assumed Zones and Processes.
Xd






Interpretive Model of i-D Horizontal Capillary Infiltration.




Measurements and Interpretation of Wetting Front Infiltration in Soils
a) Pressure at Inlet Port
ha




c) Apparent "No Flow" Conditions: ho = ha
Figure 22.
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x, cm
a) Water Moisture Distribution
x, cm
0 10 20 30 40 50 60 70 80
0.0







b) Inferred K - Scaled Head Distribution
Figure 23.
Example of Moisture Distribution (Tindall and Kunkel, 1999) and Inferred Heads.
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Example of Inferred Moisture Content - Matric Suction Curve at Wetting
(Based on data from Nielsen et al., 1962, and Tindall et al., 1999).
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Estimated air-entry point:
Kh a= 0.35 cm2/min,
Oa = 0.38
0.0
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0 verfication





+ 2/2 - Aug 31
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X 2/4 - Oct 8
2/4 - Oct 18
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29,2001
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Figure 26. MIT Soil Tensiometer (after K. Sjoblom, 2000).
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0.4
NJFS at n = 0.40:
ha 30 cm,











NJFS at n = 0.40:
ha= 191 cm,




1 10 100 1000 10000
hm, cm
Figure 27.
Suction Curves at Drying,New Jersey Fine Sand and Water.
- 97 -
Measurements and Interpretation of Front Infiltration in Soils
Air bubbles
Air tube / Inlet tube















.......... .. . .. .. .. .. .. .. .. .
Soft flooding line





















Measurements and Interpretation of Front Infiltration in Soils
Figure 29. Test NL 9 in progress.
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Figure 31. Front measurements: Xmx and AX (not to scale).
Infiltration
spacing decrea
/2 mm brass knives
........ OR
ses- sand sample sand 
sample
- tube (split in half) channel
Figure 32. Sampling for liquid content measurements (sketch not to scale).
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SInf iltration I, cc/crrQ-
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N Front advance X, cm
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Figure 34.
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Measurements and Interpretation of Wetting Front Infiltration in Soils
61 and 6X vs. ho,






i I i i . i
-30 -20 -10 0 10 20 30 40 50 60
ho, cm
Figure 35.











0 Si - circular tubes
O Si - square tube
A Si - open channel
* Si - circular tubes
* Si - square tubes
A Front Advance - open channel






























Measurements and Interpretation of Wetting Front Infiltration in Soils
o Si - circular tubes
0 Si - square column
a Si - open channel
- S Sx - circular tubes
N Sx - square column
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Measurements and Interpretation of Wetting Front Infiltration in Soils
10 +4
11
-30 -20 -10 0 10 20 30 40 50
Estimated No Advection ho, cm
head: ho, water I NA = -39.2 cm
Figure 38.
Second Order Polynomial Regressions of S, and Sx vs. ho, NJFS and Water
Estimation of the "No Advection" inlet head haater VA
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o Si Sx = -0.0006ho 2 + 0.1185ho + 5.8445
q Sx R2 0.9847
- - Si - Poinomial Fit 0
Sx - Potynomial Fit
-/
CD /














Measurements and Interpretation of Wetting Front Infiltration in Soils
5
o Si Sx = -0.0003ho2 + 0.0603ho + 2.3262
* Sx R 2 0.9623
- - Si - Plynorrial Fit








JP 00 _ _ _ _ _ _
1
A
Si = -0.0001ho2 + 0.0466ho + 1.7094
R2 = 0.8839
-40 T -30 -20 -10 0 10 20 30 40 50
ho, cm
Estimated "No Advection"
head: ho, water INA = -33.6 cm
Figure 39.
Second Order Polynomial Regressions of S1 and Sx vs. ho, NJFS and Soltrol 220.
Estimation of the "No Advection" inlet head ha~sltrl VA
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Figure 40. Test NW 15,
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Figure 41. Test NW 16,
Moisture Distribution and Inferred Heads.
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x, cm
0 10 20 30 40 50
E
Figure 42. Test NW 17,
Moisture Distribution and Inferred Heads.
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F
0.4 -- - Test NW 15
- -A- Test NW 16






0.1 1.0 10.0 100.0 1000.0 10000.0
hm, cm
Figure 43.
Modeled Suction Curves during Wetting, NJFS and Water.
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Comparison Between Measured Suction Curves during Drying and Modeled Suction
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x, cm
0 10 20 30 40
T
-D b
Figure 45. Test NL 9,
Soltrol 220 Distributions and Inferred Heads.
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Figure 46. Test NL 10,
Soltri 220 Distribution and Inferred Heads.
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0 10 20 30 40
X, cm
0 10 20 30 40
T
-- Head Distribution
Figure 47. Test NL 11,
Soltrol 220 Distribution and Inferred Heads.
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0.4
- 6-Test NL 9
- - - Test NL 10





0.1 1.0 10.0 100.0 1000.0
hm, cm
Figure 48.
Modeled Suction Curves during Wetting, NJFS and Soltrol 220.
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0.03 + NW 17
0.02 NW 17- straight line front
-NW 17 - curvilinear front
0.01
0.00
51 51 51 51 51 52
x, cm
Figure 49.
Influence of Assumed Front Shape on Modeled Suction Curves during Wetting,
Assumed Front Shapes, Test NW 17, NJFS and Water.
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NW 17 - experimental
NW 17 - straight line front
NW 17 - curvilinear front
nil
0 10 20 30 40 50
X, Cm








NW 17 - straight line f ront
NW 17 - curvilinear front
-150
Figure 50.
Influence of Assumed Front Shape on Inferred Heads, Test NW 17, NJFS and Water.
-117-





- 4 - NW 17 - straight line front
.. .-.-- NW 17 - curvilined front




Influence of Assumed Front Shape on Modeled Suction Curves Oduring Wetting,
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10 20 30 40 50
X, cm
--- NW 1(0 cm)
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Average column saturation vs. Front Advance,
















Measurements and Interpretation ofWetting Front Infiltration in Soils
0.0
0 10 20 30
X, cm
-+--NL 1(0 cm)
-M -- NL 5(10 cm)
-NL 9(0 cm)
--- NL2(0 cm)
-- 0--NL 6(-10 cm)
--NL10(Ocm)
e-NL 3(0 cm)
I NL 7(-10 cm)
-- NL 11(0 cm)
40
- -X - NL 4(10 cm)
NL 8(50 cm)
Figure 53.
Average column saturation vs. Front Advance,
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U.. -A&r ~ m-. -A
A



















- -- - NW 14(50 cm) - S = VX -- A---NW16(0cm)-S=VX
-- -- NW 14(50 cm) - S=Si/Sx - - - NW 16(0 cm) -S= Si/Sx
--*--NW13(-30cm)-S=VX
- - - NW 13(-30 cm) - S=Si/Sx
Figure 54.
Front Development and Steady Front Advance,








Measurements and Interpretation ofWetting Front Infiltration in Soils














S*- X =-- (Si+S,_,xxi-xii)
Annotation:
S(x) - saturation at point x
X* - imaginary front position
S* - average saturation of the wetted part
i - subscript denoting current point in the FDM calculations.
Figure 55.










.......... -------------------- ----------------------------------------- I ----- -- ----------------- -----












0 10 20 30 40 50
, X*, cm
Annotation:
S = - experimentally obtained average column saturation, test NL 9
X
S = -- '= 0.863 - steady-saturation front advance, test NL 9 (Figure 54)
Sx
X, X* - registered and imaginary (Eq. 5.13) front position, respectively.
S* - modeled average column saturation (Eq. 5.13)
i - subscript denoting current point in the FDM calculations.
Figure 56.
Tracking of Front Development, Test NL 9, NJFS and Soltrol 220
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-30 -20 -10 0 10
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Figure 57.




* Sss vs. ho















-40 -30 -20 -10 0 10 20 30 40 50 60
ho, cm
Sice, -0.0003- h2+0.1018.- ho +4.2438S 00 1,waer) (5.14)sswwr\ SXw,,, -0.0006ho 
- h o.1185-h +5.8445
Ssswater(h) =0 => ho = -37.5cm (5.15)
Figure 58.
Comparison of Experimental and Modeled S,, vs. h.
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a) lit20 vs ho
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Figure 59.
























0 0.096ho + 4.181
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-40 -30 -20 -10 0 10 20 30 40 50
o Si 0 Sx ho, cm
- -Si - Linear Fit - Sx - Linear Fit
Figure 60.
S1 vs. ho and Sy vs. ho - linear regressions.
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0.5 4- Advecto - Diffusion
ha = -37.53 cm
* experimental
- Equation (5.14)
- - - - Supposed trend
SXwaer
-0.0003-h. +0.1018.ho +4.2438
-O.O06 h2 +0.1185- ho +5.8445
Figure 61.














Measurements and Interpretation of Wetting Front Infiltration in Soils
Appendix I.
1-D Horizontal Infiltration Tests,
NW 1 - NW 17,
New Jersey Fine Sand and Water
- 129 -
t, min Mi, g I, cc/cm2 sqrt(t) 1/(tO.5) Xmax, cm Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.0 0.00
0.5 3.7 2.03 0.71 2.87 6.0 0.0 6.0 0.34
1.5 7.3 4.00 1.22 3.27 9.0 0.0 9.0 0.44
2.0 8.9 4.88 1.41 3.45 10.0 0.0 10.0 0.49
2.5 10.4 5.70 1.58 3.61 11.0 0.0 11.0 0.52
3 11.9 6.52 1.73 3.77 12.0 0.0 12.0 0.54
4 14.8 8.11 2.00 4.06 13.4 0.0 13.4 0.61
5 15.9 8.72 2.24 3.90 15.0 0.0 15.0 0.58
7 17.9 9.81 2.65 3.71 17.0 0.0 17.0 0.58
-10 20.9 11.46 3.16 3.62 20.5 1.0 - 20.0 0.56
14 25.2 13.81 3.74 3.69 24.0 0.8 23.6 0.58
20 28.7 15.73 4.47 3.52 28.0 1.0 27.5 0.56
27 36.1 19.79 5.20 3.81 32.0 0.3 31.9 0.62
36 40.0 21.93 6.00 3.65 37.0 1.0 36.5 0.59
45 45.2 24.78 6.71 3.69 41.0 0.5 40.8 0.60
55 50.4 27.63 7.42 3.73 44.5 0.0 44.5 0.62
65 54.9 30.10 8.06 3.73 48.5 0.5 48.3 0.62
78 60.4 33.11 8.83 3.75 52.2 0.0 52.2 0.63
90 65 35.63 9.49 3.76 56.5 0.5 56.3 0.63
112 72.9 39.96 10.58 3.78 61.5 0.5 61.3 0.65
120 75.5 41.39 10.95 3.78 64.5 0.5 64.3 0.64
Test NW 1
date: 17/8/2000
Gs pd, g/cc e n





0= 20.71 x 1.68 = 34.79%
S =34.79/37 = 0.94
chamber empty in top half,
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U Front advance, x - Linear - I
108




.........' ' -. . . . . . .
. . . .' '
1, cc/cm2
X, cm X = 5.7188sqrt t + 1.8553
R2 = 0.9993
S=3.7786/5.7188=0.661









Test NW 2t, min mass, I, cc/cm2 sqrt(ti l/(tO.5) Xmax, cm Ax, cm Xave, Ave. S
0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.0 0.00
0.5 3.4 1.81 0.71 2.56 4.0 0.5 3.8 0.47
1.0 6.1 3.25 1.00 3.25 6.5 0.5 6.3 0.51
1.5 8.3 4.43 1.22 3.61 8.0 0.8 7.6 0.57
2.0 10.1 5.39 1.41 3.81 9.5 0.5 9.3 0.58
2.5 11.8 6.29 1.58 3.98 10.5 0.5 10.3 0.62
3.0 13.1 6.99 1.73 4.03 11.5 0.7 11.2 0.62
4.0 15.3 8.16 2.00 4.08 13.5 1.0 13.0 0.62
5.0 17.3 9.23 2.24 4.13 15.5 1.3 14.9 0.61
7.0 20.8 11.09 2.65 4.19 17.6 1.1 17.1 0.65
10.0 25.0 13.33 3.16 4.22 21.0 1.5 .20.3 0.65
14.0 29.7 15.84 3.74 4.23 24.5 1.5 23.8 0.66
20.0 35.3 18.83 4.47 4.21 28.5 2.0 27.5 0.68
27.5 41.2 21.98 5.24 4.19 33.0 1.5 32.3 0.68
35.0 46.3 24.70 5.92 4.17 37.2 0.7 36.9 0.68
45.0 52.3 27.90 6.71 4.16 42.0 2.0 41.0 0.68
55.0 57.4 30.62 7.42 4.13 45.5 1.0 45.0 0.691
65.5 62.4 33.28 8.09 4.11 49.5 1.5 48.8 0.69
75.0 66.5 35.47 8.66 4.10 52 1 51.5 0.70
0 10 20 30 40 50 60 70 80


















0 Front advance, x - Linear - I - Linear - X
date: 17/8/2000
EGs pd, gcc e n
2.65 1.68 0.58 0.37
Notes:
Packing: pluviation, 7/64"
chamber half empty at beginning;









X = 5.989sqrt t + 0.685
R2 = 0.9987
S=4.1952/5.989=0.700






t, min MI, g I, cm sqrt t Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 6.9 3.68 0.71 5.2 0.0 5.2 0.71
1.0 10.5 5.60 1.00 7.5 0.0 7.5 0.75
1.5 13.3 7.09 1.22 9.3 0.0 9.3 0.76
2.0 15.7 8.37 1.41 10.5 0.0 10.5 0.80
2.5 17.6 9.39 1.58 12.0 0.0 12.0 0.78
3.0 19.2 10.24 1.73 13.0 0.0 13.0 0.79
4.0 22.1 11.79 2.00 15.0 0.0 15.0 0.79
5.0 24.7 13.17 2.24 16.8 0.0 16.8 0.78
- 7.0 28.7 15.31 2.65 20.0 0.0 -20.0 0.77
10.0 33.7 17.98 3.16 23.5 1.0 23.0 0.78
15.5 41.1 21.92 3.94 29.0 0.8 28.6 0.77
21.0 47.1 25.12 4.58 33.0 0.5 32.8 0.77
27.0 52.6 28.06 5.20 37.5 0.5 37.3 0.75
35.0 59.1 31.52 5.92 42.5 0.5 42.3 0.75
51.5 70.1 37.39 7.18 50.5 0.5 50.3 0.74
65.0 77.8 41.50 8.06 56.5 0.5 56.3 0.74
82.0 86.1 45.93 9.06 63.5 1.0 63.0 073
Test NW 3
date: 18/8/2000
Gs pd, g/cc Ie n






0 = 17.78 x 1.68 = 29.9%
S = 29.9/37 = 0.81
Dhreatic10 sand
o I i i
0 10 20 30 40 50 60 70 80 9
- Infiltration I, cc/cm2 -4-Front advance X, cm
























X = 6.9176sqrt t + 0.9069
R2 = 0.9994
S=5.0648/6.9176=0. 732
I = 5.0648sqrt t + 1.2179
R2 = 0.9974















Test NW 4t, min Mi, g 1, cc/c sqrt(ti Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 5.7 2.96 0.71 7.0 0.0 7.0 0.45
1.0 9.0 4.67 1.00 9.5 0.5 9.3 0.531
1.5 11.4 5.92 1.22 11.5 0.5 11.3 0.56
2.0 14.1 7.32 1.41 13.0 0.6 12.7 0.61
2.5 16.2 8.41 1.58 14.0 0.5 13.8 0.65
3.0 17.9 9.30 1.73 15.5 0.5 15.3 0.64
4.0 20.9 10.85 2.00 18.0 1.0 17.5 0.65
5.0 23.4 12.15 2.24 19.5 1.0 19.0 0.68
7.0 27.9 14.49 2.65 23.0 1.0 22.5 0.68
14.0 39.0 20.25 3.74 30.5 1.0 30.0 0.71
20.0 46.3 24.05 4.47 36.5 1.5 35.8 0.71
37.0 61.9 32.15 6.08 48.7 1.2 48.1 0.71
45.0 67.8 35.21 6.71 51.5 0.5 51.3 0.73
55.0 74.5 38.69 7.42 57.5 0.5 57.3 0.71
65.5 80.6 41.86 8.09 61.0 0.7 60.7 0.73
75.0 86.3 44.82 8.66 65 1 64.5 0.73
0 10 20 30 40 50 60 70 80
-+- Infiltration I -U- Front advance X
0 2 4 6 8
I Front advance, x - Linear - I
date: 18/8/2000
Gs pd, g/cc e n
2.65 1.63 0.62 0.38
Notes:
Packing: pluviation, 7/64'
chamber half empty at beginning;












X = 7.3507sqrt t + 2.1616
R2 = 0.9983
S=5.2253/7.3507=0.710












-- Linear - X* Infiltration, I
t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 3.6 1.92 0.71 4.5 0.0 4.5 0.43
1.0 5.8 3.09 1.00 6.0 0.2 5.9 0.52
1.5 7.5 4.00 1.22 7.0 0.4 6.8 0.59
2.0 9 4.80 1.41 8.0 0.5 7.8 0.62
2.5 10.3 5.49 1.58 8.9 0.4 8.7 0.63
3.0 11.4 6.08 1.73 9.5 0.3 9.4 0.65
4.0 13.5 7.20 2.00 11.0 0.5 10.8 0.67
5.0 15.3 8.16 2.24 12.0 0.4 11.8 0.69
7.0 18.2 9.71 2.65 14.2 0.4 14.0 0.69
10.0 21.9 11.68 3.16 16.7 0.7 16.4 0.71
15.5 27.3 14.56 3.94 20.7 1.0 20.2 0.72
20.0 30.9 16.48 4.47 23.0 1.0 22.5 0.73
27.0 36.1 19.26 5.20 26.5 1.3 25.9 0.74
35.0 40.5 21.60 5.92 30.0 1.5 29.3 0.74
45.0 45.7 24.38 6.71 33.7 1.2 33.1 0.74
55.0 50.2 26.78 7.42 37.0 1.5 36.3 0.74
65.0 54.2 28.91 8.06 40.0 1.0 39.5 0.73
75.0 58.0 30.94 8.66 43.0 1.0 42.5 0.73
90.0 63.0 33.60 9.49 46.8 1.5 46.1 0.73
110.0 69.2 36.91 10.49 51.5 0.8 51.1 0.72










sand 2/2 pd, g/cc e n





0 =21.9 x 1.66= 36.4%
S = 36.4/37 = 0.98
eddy front, top portion leading;
notch at bottom right
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0 2 4 6 8






X, cm X = 4.7443sqrt t + 1.1187
R2 = 0.9995
S=3.5652/4.7443=0.751
I = 3.5652sqrt t + 0.0427





- Linear - I - Lnear - X
Test NW 6
date: 23/8/2000
Esand 2/2 d, cc Ie n
2.65 1.64 0.62 0.38
Notes:
Packing: pluviation, 7/64"
t, min Mi, g 1, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
1.0 5.4 2.80 1.00 6.5 0.7 6.2 0.46
1.5 7.0 3.64 1.22 7.5 0.7 7.2 0.51
2.0 8.4 4.36 1.41 8.5 0.6 8.2 0.53
2.5 9.7 5.04 1.58 9.2 0.7 8.9 0.57
3.0 8.7 4.52 1.73 10.0 0.9 9.6 0.47
4.0 12.6 6.54 2.00 11.5 1.5 10.8 0.61
5.0 12.3 6.39 2.24 13.0 1.4 12.3 0.52
7.0 15.1 7.84 2.65 15.0 1.6 14.2 0.55
10.0 20.6 10.70 3.16 17.5 1.5 16.8 0.64
14.0 24.6 12.78 3.74 20.5 2.0 19.5 0.66
20.0 29.4 15.27 4.47 24.5 3.0 23.0 0.66
27.0 34.0 17.66 5.20 27.5 3.0 26.0 0.68
35.0 38.5 20.00 5.92 31.0 3.0 29.5 0.68
50.5 45.6 23.68 7.11 36.5 2.5 35.3 0.67
65.0 51.3 26.64 8.06 41.3 1.7 40.5 0.66
75.0 54.8 28.46 8.66 44 2 43.0 0.66
96.5 61.6 31.99 9.82 49.5 2 48.5 0.66
105.0 64.1 33.29 10.25 51 1 50.5 0.66
125.0 69.5 36.10 11.18 56.5 2.5 55.3 0.65
140.0 73.3 38.07 11.83 59 2 58.0 0.661
155.0 76.9 39.94 12.45 61.5 2 60.5 066
10 cm
oDhreatic
0 20 40 60 80 100 120 140 160 180


















U Front advance, x - Linear - I
small bubble on top of chamber.
straight line front up to 14 min,
eddy shape after that with notch




0 =22.7 x 1.64 = 37.3%





X, cm X = 4.81sqrt t + 1.2233
R 2 = 0.9996
S=3.2707/4.81 =0.680
I = 3.2707sqrt t - 0. 1209
R 2 = 0.9983
sqrt t, min 1/2
0 10
-- Lnear - X* Infiltration, I
t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X. cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 5.3 2.81 0.71 5.0 0.4 4.8 0.59
1.0 7.2 3.82 1.00 6.8 0.8 6.4 0.601
1.5 10.6 5.62 1.22 8.0 0.6 7.7 0.73
2.0 12.5 6.63 1.41 9.5 1.0 9.0 0.74
3.0 15.8 8.38 1.73 11.5 1.2 10.9 0.77
4.0 18.5 9.81 2.00 13.0 1.5 12.3 0.80
5.0 20.9 11.09 2.24 15.0 2.0 14.0 0.79
7.0 25.0 13.26 2.65 17.5 2.3 16.4 0.81
10.5 30.6 16.23 3.24 21.5 2.5 20.3 0.80
14.0 35.3 18.73 3.74 24.5 2.5 23.3 0.81
20.0 41.7 22.12 4.47 29.0 2.0 28.0 0.79
28.0 48.9 25.94 5.29 34.0 2.0 33.0 0.79
35.0 54.2 28.75 5.92 37.0 0.8 36.6 0.79
46.5 61.8 32.79 6.82 42.0 1.5 41.3 0.79
50.5 64.3 34.11 7.11 44.0 1.5 43.3 0.791
55.0 66.9 35.49 7.42 46.0 1.5 45.3 0.78
60.0 69.7 36.98 7.75 47.8 1.5 47.1 0.79
65.0 72.4 38.41 8.06 49.5 1.5 48.8 0.79
70.0 74.9 39.74 8.37 51.5 1.5 50.8 0.781
75.0 77.1 40.90 8.66 53.0 1.5 52.3 0.78
80.0 79.4 42.12 8.94 54.5 1.5 53.8 0.78
85.0 81.5 43.24 9.22 56.2 1.4 55.5 0.78







Gs rd, g/cc e in
2.65 1.66 0.592 0.372
Notes:
Packing: pluviation, 7/640+tapping
scale oscilated 0.1 g
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Front advance X, cm
X = 5.9971 sqrt t + 0.5497




I = 4.7326sqrt t + 0.229
R2 = 0.9988











Test NW 8t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 5.8 2.95 0.71 5.0 0.2 4.9 0.60
1.0 9.6 4.88 1.00 7.2 0.2 7.1 0.69
1.5 12.3 6.26 1.22 9.2 0.4 9.0 0.70
2.0 14.7 7.48 1.41 11.0 0.8 10.6 0.71
3.0 17.3 8.80 1.73 13.5 1.0 13.0 0.68
4.0 21.5 10.94 2.00 15.5 1.0 15.0 0.73
6.0 26.1 13.28 2.45 18.5 1.5 17.8 0.75
7.0 28.1 14.29 2.65 20.0 1.5 .19.3 0.74
10.0 33.3 16.94 3.16 23.5 1.5 22.8 0.74
15.0 40.3 20.50 3.87 28.5 2.0 27.5 0.75
23.5 49.5 25.18 4.85 35.2 3.0 33.7 0.75
25.0 51.0 25.94 5.00 36.5 3.0 35.0 0.74
30.0 55.3 28.13 5.48 39.5 3.5 37.8 0.75
35.5 59.6 30.32 5.96 42.5 2.5 41.3 0.731
41.0 63.6 32.35 6.40 45.5 3.0 44.0 0.74
45.0 66.3 33.72 6.71 47.5 3.0 46.0 0.73
57.0 73.8 37.54 7.55 53.0 3.0 51.5 0.73
60.5 75.8 38.56 7.78 54.5 3.5 52.8 0.73
65.0 78.4 39.88 8.06 56.0 2.0 55.0 0.73
date: 15/9/00
Gs rd, g/cc e In
2.65 1.62 0.634 0.388
Notes:
Packing: pluviation, 7/64*+tapping
top 1/4 of chamber empty until 10 min
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0 10 20 30 40 50 60 70
-- Infiltration I, cc/cm2 -4-Front advance X, cm
1, cc/cm2




I = 4.9745sqrt t + 0.4968
R2 = 0.998m
sqrt t, minO.5
A A ' I
2 4 6



















+ Infiltration 1, cc/cm2
t, min Mi, g 1, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 7.4 3.90 0.71 5.2 0.0 5.2 0.75
1.0 11.1 5.86 1.00 7.5 0.0 7.5 0.79
1.5 13.9 7.33 1.22 9.5 0.0 9.5 0.78
2.0 16.2 8.55 1.41 11.0 0.0 11.0 0.78
2.5 18.4 9.71 1.58 12.4 0.0 12.4 0.79
3.0 20.3 10.71 1.73 13.5 0.0 13.5 0.80
4.0 23.4 12.35 2.00 15.8 0.2 15.7 0.79
5.0 26.0 13.72 2.24 17.6 0.2 17.5 0.79
7.0 30.6 16.15 2.65 20.8 0.2 20.7 0.78
10.0 36.3 19.16 3.16 24.8 0.8 24.4 0.79
15.0 43.9 23.17 3.87 30.0 0.8 29.6 0.79
20.0 50.2 26.49 4.47 34.0 0.8 33.6 0.79
25.0 55.8 29.45 5.00 38.0 0.6 37.7 0.79
30.0 60.6 31.98 5.48 41.5 0.5 41.3 0.78
35.0 65.1 34.35 5.92 44.5 0.5 44.3 0.78
40.0 69.2 36.52 6.32 47.7 0.7 47.4 0.78
45.0 73.0 38.52 6.71 50.3 0.6 50.0 0.77
51.5 77.7 41.00 7.18 53.2 0.7 52.9 0.78
55.0 80.1 42.27 7.42 56.0 0.5 55.8 0.76
60.0 83.4 44.01 7.75 57.8 0.9 57.4 0.77
66.0 87.1 45.96 8.12 60.5 1.5 59.8 0.77
72.0 90.7 47.86 8.49 63.0 2.0 62.0 0.78
75.0 92.5 48.81 8.66 63.9 2.0 62.9 0.78
Test NW 9
date: 15/9/00
IGs rd, g/cce In
2.65 1.66 0.597 0.374
Notes:
Packing: pluviation, 7/64"+tapping
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-+-Infiltration I, cc/cm2 -- Front advance X, cm
n



















X, cm X = 7.3029sgrt t + 0.7894
R2 = 0.9994
S=5.6129/7.3029=0.769



























Test NW 10t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.25 4.8 2.48 0.50 4.2 0.0 4.2 0.59
0.5 7.4 3.82 0.71 5.6 0.0 5.6 0.681
1.0 11.1 5.73 1.00 8.0 0.0 8.0 0.72
1.5 14.2 7.34 1.22 10.0 0.5 9.8 0.75
2.0 17.0 8.78 1.41 11.0 0.5 10.8 0.82
2.5 18.6 9.61 1.58 13.0 0.5 12.8 0.751
3.0 20.5 10.59 1.73 14.2 0.7 13.9 0.76
4.0 23.8 12.30 2.00 16.5 0.8 16.f 0.76
5.0 26.6 13.74 2.24 18.5 1.0 18.0 0.76
7.0 31.4 16.22 2.65 21.8 1.0 - 21.3 0.76
11.0 39.0 20.15 3.32 27.0 1.5 26.3 0.77
15.0 45.2 23.35 3.87 31.0 1.4 30.3 0.77
19.0 50.4 26.04 4.36 35.2 1.5 34.5 0.76
25.0 57.2 29.55 5.00 40.0 2.0 39.0 0.76
31.0 63.2 32.65 5.57 44.5 2.5 43.3 0.75
37.0 68.6 35.44 6.08 48.0 1.8 47.1 0.75
43.0 73.9 38.18 6.56 51.5 1.5 50.8 0.75
49.0 78.2 40.40 7.00 54.5 2.4 53.3 0.76
55.0 82.1 42.42 7.42 57.0 1.5 56.3 0.75
61.0 86.3 44.59 7.81 60.0 1.5 59.3 0.75
67.0 90.1 46.55 8.19 62.5 1.5 61.8 0.75
73.0 93.9 48.51 8.54 65.3 1.8 64.4 0.75
76.0 95.7 49.44 8.72 66.5 2.0 65.5 0.75
date: 15/9/00
Gs rd, g/cc e n













0 10 20 30 40 50 60 70 80
-4- Infiltration I, cc/cm2 --- Front advance X, cm
n Front advance X, cm - Lnear - I
I, cc/cm2
X, cm
X = 7.5175sqrt t + 0.7963
R52 = 0.9994
S=5.6763/7.5175=0.755
I = 5.6763sqrt t + 0.609
R 2 = 0.9989
sqrt t, minO.5
* Infiltration 1, cc/cm2 -- Llnear - X
t, min Mi, g I, cm sqrt(t) read X Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 7.5 0.0 0.0 0.0 0.00
0.5 0.9 0.47 0.71 8.5 1.0 0.0 1.0 0.47
1.0 1.7 0.88 1.00 9.0 1.5 0.5 1.3 0.71
2.5 4.0 2.08 1.58 10.5 3.0 0.5 2.8 0.76
3.5 5.4 2.80 1.87 11.7 4.2 1.0 3.7 0.76
5.0 7.2 3.74 2.24 13.0 5.5 1.0 5.0 0.75
7.0 9.4 4.88 2.65 14.5 7.0 1.0 6.5 0.75
10.0 12.1 6.28 3.16 16.5 9.0 1.0 8.5 0.74
15.0 15.8 8.21 3.87 19.2 11.7 1.2 11.1 0.74
20.0 19.0 9.87 4.47 22.0 14.5 1.0 14.0 0.70
28.5 23.6 12.26 5.34 25.0 17.5 1.0 17.0 0.72
-35.0 26.6 13.81 5.92 27.0 19.5 1.0 --19.0 0.73
45.0 30.8 16.00 6.71 30.0 22.5 1.0 22.0 0.73
55.0 34.5 17.92 7.42 32.8 25.3 1.3 24.7 0.73
65.5 37.9 19.68 8.09 35.4 27.9 1.3 27.3 0.72
80.5 42.3 21.97 8.97 37.5 30.0 1.0. 29.5 0.74
180.0 64.1 33.29 13.42 56.0 48.5 1.0 48.0 0.69
200.0 67.6 35.11 14.14 57.7 50.2 1.0 49.7 0.71
















Gs rd, g/9e n
2.65 1.64 0.613 0.380
Notes:
Packing: pluviation, 7/64"+tapping
test started with front already at
x=7.5 cm. Data corrected.
the infiltration measurements were




0 50 100 150 200 25(
-- Infiltration I, cc/cm2 --- Front advance X, cm
5 10





X = 3.6827sqrt t-2.5594
R2 =0.9976
S=2.5972/3.6827=0.705
I 2.5972sqrt t - 1.5879
R 2 = 0.9985
sqrt t, minO.5
Test NW 12t, min Mi, g 1, cm sqrt(t) Xmax Ax, cm X,crn S
0.0 0.0 0 0 0.0 0.0 0.0 0
0.3 2.8 1.48 0.50 3.0 0.0 3.0 0.49
0.5 4.3 2.27 0.71 4.0 0.0 4.0 0.57
1.0 6.8 3.59 1.00 5.5 0.0 5.5 0.65
1.5 8.8 4.64 1.22 7.4 0.6 7.1 0.65
2.0 10.6 5.59 1.41 8.5 0.5 8.3 0.68.
2.5 11.9 6.28 1.58 9.2 0.7 8.9 0.71
3.0 13.1 6.91 1.73 10.0 0.6 9.7 0.71
4.0 15.4 8.13 2.00 11.5 0.7 11.2 0.73
5.0 17.3 9.13 2.24 13.0 1.0 12.5 0.731
7.0 20.8 10.98 2.65 15.0 1.0 14.5 0.76
10.0 24.7 13.03 3.16 17.5 0.5 17.3 0.76
14.0 29.1 15.36 3.74 21.0 1.5 -20.3 0.76
20.0 34.7 18.31 4.47 24.5 1.5 23.8 0.77
27.0 39.8 21.00 5.20 28.5 2.5 27.3 0.77
35.5 45.2 23.85 5.96 33.0 1.0 32.5 0.73
45.0 50.4 26.60 6.71 37.5 1.0 37.0 0.72
55.0 55.3 29.18 7.42 40.5 1.0 40.0 0.73
65.0 59.7 31.50 8.06 44.0 1.0 43.5 0.72
75.0 63.8 33.67 8.66 46.5 1.0 46.0 0.73
91.0 69.8 36.83 9.54 51.0 1.0 50.5 0.73
0 10 20 30 40 50 60 70 80 90 10(
-- +-Infiltration 1, cc/cm2 - - Front advance X, cm
2
* Infiltration I, cc/cm2
4 6 8
U Front advance X, cm - Unear - I -
date: 21/9/00
Gs rd, g/cc e n



























X, cm X = 5.3098sqrt t + 0.41
R2 = 0.9994
S=3.9238/5.3098=0.739r











t, min Mi, g I, cm sqrt(t) Xmax' Xmax Ax X S
0.0 0.0 0.00 0.00 6.0 0.0 0.0 0.0 0.00
0.5 0.3 0.16 0.71 7.0 1.0 0.5 0.8 0.211
1.0 0.5 0.27 1.00 7.5 1.5 0.5 1.3 0.21
1.5 0.8 0.43 1.22 7.8 1.8 0.8 1.4 0.30
2.0 1.0 0.53 1.41 8.0 2.0 1.0 1.5 0.35
3.0 1.5 0.80 1.73 8.5 2.5 1.0 2.0 0.40
4.0 1.8 0.96 2.00 9.0 3.0 1.0 2.5 0.38
5.0 2.2 1.17 2.24 9.5 3.5 1.2 2.9 0.40
7.0 2.8 1.49 2.65 10.5 4.5 1.5 3.8 0.40
10.0 3.6 1.92 3.16 11.5 5.5 1.7 4.7 0.41
15.0 4.7 2.50 3.87 13.0 7.0 2.0 6.0 0.42
20.5 5.7 3.03 4.53 14.0 8.0 2.0 7.0 0.43
25.0 6.4 3.40 5.00 14.8 8.8 2.0 7.8 0.44
30.0 7.2 3.83 5.48 15.5 9.5 2.0 8.5 0.45
40.0 8.5 4.52 6.32 17.0 11.0 2.0 10.0 0.45
50.0 9.6 5.11 7.07 18.5 12.5 2.0 11.5 0.44
60.0 10.6 5.64 7.75 19.5 13.5 2.0 12.5 0.45
70.0 11.5 6.12 8.37 21.0 15.0 2.5 13.8 0.44
80.0 12.2 6.49 8.94 21.8 15.8 1.8 14.9 0.44
198.0 20.2 10.75 14.07 31.0 25.0 1.5 24.3 0.44
210.0 20.9 11.12 14.49 31.5 25.5 1.5 24.8 0.45
221.0 21.5 11.44 14.87 32.0 26.0 1.5 25.3 0.45














Gs rd, g/c e n
2.65 1.67 0.589 0.371
Notes:
Packing: pluviation, 7/64"+tapping
test started with front already at
x=6 cm. Data corrected.
the infiltration measurements were







0 50 100 150 200
-+-Infiltration 1, cc/cm2 + Front advance X, cm
2 4 6 8
I Front advance X, cm
10 12




X, cm X = 1.7549sqrt t - 0.8217
R2 = 0.9991
S=0.7994/1.7549=0.456 I = 0.7994sqrt t - 0.5325
s 2r= 0.9989








* Infiltration 1, cc/cm2
Test NW 14
date: 26/9/00
Gs rd, gccje n
2.65 1.68 0.581 0.367
t, min vol, I, cc/c sqrt(t) Xmax, Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.3 7.0 3.76 0.50 5.0 0.0 5.0 0.75
0.5 10.9 5.86 0.71 7.1 0.0 7.1 0.831
1.0 16.4 8.82 1.00 10.2 0.0 10.2 0.86
1.5 20.6 11.08 1.22 12.5 0.0 12.5 0.89
2.0 24.2 13.01 1.41 15.0 0.2 14.9 0.87
2.5 27.2 14.63 1.58 16.5 0.2 16.4 0.891
3.0 30.2 16.24 1.73 18.0 0.2 17.9 0.91
3.5 32.5 17.48 1.87 19.5 0.2 19.4 0.90
.4.0 34.7 18.66 2.00 21.0 0.0 21.0 0.89
5.0 38.6 20.76 2.24 23.5 0.2 23.4 0.89
6.0 42.5 22.85 2.45 26.0 0.3 25.9 0.88
8.0 48.7 26.19 2.83 29.5 0.3 29.4 0.89
10.0 54.0 29.04 3.16 33.0 0.7 32.7 0.89
12.0 59.1 31.78 3.46 36.5 0.5 36.3 0.88
14.0 63.4 34.09 3.74 39.0 0.0 39.0 0.87
16.0 67.5 36.30 4.00 41.5 0.0 41.5 0.87
18.0 70.9 38.13 4.24 44.0 0.2 43.9 0.87
20.0 74.4 40.01 4.47 46.2 0.2 46.1 0.87
22.0 78.5 42.21 4.69 48.7 0.2 48.6 0.87
24.0 81.7 43.93 4.90 50.8 0.4 50.6 0.87
26.0 83.7 45.01 5.10 52.2 0.2 52.1 0.86
28.0 86.6 46.57 5.29 54.0 0.2 53.9 0.86
30.0 89.4 48.08 5.48 55.5 0.2 55.4 0.871
32.0 92.0 49.47 5.66 57.5 0.0 57.5 0.86
34.0 94.4 50.76 5.83 59.4 0.0 59.4 0.85
36.0 96.8 52.05 6.00 60.8 0.2 60.7 0.86
38.0 99.2 53.35 6.16 62.5 0.2 62.4 0.85
40.0 101.6 54.64 6.32 64.2 0.2 64.1 0.85
phreatic surface
50 cm sand column
0 5 10 15 20 25 30 35 41












U Front advance X, cm - Linear - I
76
- Lnear - X
Notes:
Packing: pluviation, 7/64*














e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- * ' '
I, cc/cm2 X = 10.143sqrt t + 0.4298
X, cm R2 = 0.9995
S=8.6788/10.143=0.856







t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.3 3.5 1.84 0.50 3.0 0.0 3.0 0.61
0.5 5.2 2.74 0.71 4.5 0.0 4.5 0.61
1.0 8.1 4.26 1.00 6.0 0.0 6.0 0.71
1.5 10.2 5.37 1.22 7.5 0.0 7.5 0.72
2.0 12.2 6.42 1.41 9.0 0.5 8.8 0.73
2.5 13.5 7.10 1.58 10.0 0.5 9.8 0.73
3.0 14.7 7.74 1.73 11.0 0.0 11.0 0.70
4.0 17.0 8.95 2.00 13.0 0.5 12.8 0.70
5.0 19.0 10.00 2.24 14.0 0.0 14.0 0.711
7.0 22.5 11.84 2.65 17.0 0.5 16.8 0.71
-10.3 26.8 14.10 3.21 19.5 0.0 19.5 0.72
14.0 30.7 16.16 3.74 23.0 0.5 22.8 0.71
20.0 36.0 18.95 4.47 27.2 0.7 26.9 0.71
28.0 41.8 22.00 5.29 32.0 1.0 31.5 0.70
35.0 46.1 24.26 5.92 35.0 0.8 34.6 0.70
45.0 51.6 27.16 6.71 39.5 1.0 39.0 0.70
55.0 56.8 29.89 7.42 43.5 1.5 42.8 0.70
66.0 61.7 32.47 8.12 47.0 1.0 46.5 0.70
75.0 65.4 34.42 8.66 50.0 1.0 49.5 0.70
80.0 67.3 35.42 8.94 51.7 0.7 51.4 0.69
85.0 69.2 36.42 9.22 53.0 0.8 52.6 0.69
90.0 71.0 37.37 9.49 54.8 0.8 54.4 0.69
95.0 72.8 38.31 9.75 56.0 1.0 55.5 0.69
100.0 74.7 39.31 10.00 57.5 1.0 57.0 0.69
105.0 76.3 40.16 10.25 58.5 0.5 58.3 0.69












Isand 2/2 Ird, g/cc le In I
2.65 1.66 0.600 0.375
Notes:
Packing: pluviation, 7/64"
straight to slightly inclined front
couple of dry pockets initially, quickly filled
up with the flow.
sand extrusion at interface -S=100%
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* Infiltration I, cc/cm2
4 6 80







1, cc/cm2 X = 5.628sqrt t + 0.976
X, cm R2 = 0.9994
S=3.8723/5.628=0.688
I = 3.8723sqrt t + 0.8974
R2 =0.9987





t, min Mi, g 1, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 3.3 1.74 0.71 6.0 0.5 5.8 0.30
1.0 6.9 3.63 1.00 8.0 1.0 7.5 0.48
1.8 9.8 5.16 1.32 10.0 1.5 9.3 0.56
2.5 12.3 6.47 1.58 11.5 1.5 10.8 0.60
3.0 13.5 7.10 1.73 12.5 1.5 11.8 0.60
4.0 15.6 8.21 2.00 14.5 2.0 13.5 0.61
5.0 18.0 9.47 2.24 16.0 1.5 15.0 0.62
7.0 20.9 11.00 2.65 18.0 1.5 17.3 0.64
10.0 24.0 12.63 3.16 21.5 2.5 -20.3 0.62
14.0 28.4 14.95 3.74 24.5 2.5 23.3 0.641
21.5 34.9 18.37 4.64 29.5 2.5 28.3 0.65
28.5 39.9 21.00 5.34 32.5 2.5 31.3 0.67
35.0 44.0 23.16 5.92 35.5 1.5 34.8 0.67
60.0 57.5 30.26 7.75 45.0 2.0 44.0 0.691
67.0 60.4 31.79 8.19 47.0 1.0 46.5 0.68
70.0 61.5 32.37 8.37 48.0 1.2 47.4 0.68
75.0 63.7 33.52 8.66 49.5 1.5 48.8 0.69
80.0 65.7 34.58 8.94 51.0 1.5 50.3 0.691
85.0 67.8 35.68 9.22 52.3 1.0 51.8 0.691
91.5 70.4 37.05 9.57 54.0 1.5 53.3 0.70














Gs rd, g/cc e in
2.65 1.63 0.626 0.385
Notes:
Packing: pluviation, 7/64"
eddy front with *needles' along the
corners.
some separation of the sand behind the
front, on top of channel
final moisture distribution obtained.
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-4-Infiltration I, cc/cm2 -5-Front advance X, cm
2
* Infiltration I, cc/cm2
4 6 80
M Front advance X, cm - Linear - I
10





X, cm X = 5.4038sqrt(t) + 2.3029
R2 = 0.9986
S=3.8624/5.4038=0.715












t, min Mi, g I, cm sqrt(t) Xmax Ax, cm X, cm S
0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 5.8 3.05 0.71 6.5 0.5 6.3 0.49
1.0 7.3 3.84 1.00 8.5 1.0 8.0 0.48
1.5 8.9 4.68 1.22 10.0 1.5 9.3 0.51
2.0 10.7 5.63 1.41 11.5 1.5 10.8 0.52
3.0 13.3 7.00 1.73 13.5 2.0 12.5 0.56
4.0 17.5 9.21 2.00 15.5 1.8 14.6 0.63
5.0 19.2 10.10 2.24 16.5 1.5 15.8 0.64
7.0 22.1 11.63 2.65 19.5 1.5 18.8 0.62
10.0 25.9 13.63 3.16 22.5 3.0 ' 21.0 0.65
14.5 30.8 16.21 3.81 26.5 3.0 25.0 0.65
20.0 35.9 18.89 4.47 30.5 3.5 28.8 0.66_
27.5 42.0 22.10 5.24 34.5 3.5 32.8 0.67
35.0 48.6 25.58 5.92 38.5 3.5 36.8 0.70
45.0 57.3 30.16 6.71 42.0 4.0 40.0 0.75
55.5 65.4 34.42 7.45 45.0 1.0 44.5 0.77
66.0 73.0 38.42 8.12 49.0 2.0 48.0 0.80








0 10 20 30
Test NW 17
date: 24/01/01
sand 2/2 rd, g/cc e n




eddy front with 'needles" along the
comers.






40 50 60 70
--+-Infiltration I, cc/cm2
2 4
# Infiltration I, cc/cm2 M Front advance X, cm
-4- Front advance X, cm
6 8
























Measurements and Interpretation of Wetting Front Infiltration in Soils
Appendix II.
1-D Horizontal Infiltration Tests,
NL 1 - NL 11,









Test NL It, min Mi, g Vi, cc 1, cm sqrt t Xmax AX, Cm X, cm S
0.0 0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 0.7 0.9 0.47 0.71 2.2 0.0 2.2 0.21
1.0 1.3 1.6 0.87 1.00 3.0 0.2 2.9 0.301
1.5 1.9 2.4 1.27 1.22 3.5 0.3 3.4 0.38
2.0 2.3 2.9 1.54 1.41 4.0 0.5 3.8 0.41
2.5 2.7 3.4 1.81 1.58 4.4 0.4 4.2 0.43
3 3.1 3.9 2.08 1.73 4.5 0.4 4.3 0.481
4 3.8 4.8 2.55 2.00 5.5 0.5 5.3 0.49
5 4.3 5.4 2.89 2.24 6.0 0.6 5.7 0.51
7 5.2 6.5 3.49 2.65 7.0 0.6 6.7 0.52
10 6.4 8.1 4.29 3.16 8.5 0.8 8.1 0.531
14 7.8 9.8 5.23 3.74 9.8 1.0 9.3 0.56
20 9.6 12.1 6.44 4.47 11.6 1.0 11.1 0.58
28 11.6 14.6 7.78 5.29 13.8 1.4 13.1 0.59
36 13.4 16.9 8.99 6.00 15.7 1.8 14.8 0.61
45 15.1 19.0 10.13 6.71 17.2 1.7 16.4 0.62
55 16.9 21.3 11.34 7.42 19.0 1.9 18.1 0.63
66 18.8 23.6 12.61 8.12 21.0 2.5 19.8 0.64
75 20.2 25.4 -13.55 8.66 22.3 2.3 21.2 0.64
94 22.9 28.8 15.36 9.70 25.0 3.0 23.5 0.65
105 24.4 30.7 16.37 10.25 26.5 3.3 24.9 0.66
date: 30/8/2000
Gs Ird,g/cc le in
2.65 1.66 0.596 0.374
Notes:
Packing: pluviation, 5/64"+tapping
Dx, cm - max discrepancy
of the front.
Soltrol 220, r = 0.795 g/cc
air intake on top of chamber
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U Front advance X, cm
8
- Linear - I
10
- Linear - X
I,cm
A, cm X = 2.3919sqrt t + 0.37
R 2= 0.9997
-S =1.64/2.3919 =0.686











Test NL 2t, min Mi, g Vi, cc 1, cm sqrt t Xmax AX, cm X, cm S
0.0 0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 1.4 1.8 0.94 0.71 2.0 0.0 2.0 0.47
1.0 2.2 2.8 1.48 1.00 2.6 0.0 2.6 0.57
1.5 2.7 3.4 1.81 1.22 3.3 0.0 3.3 0.55
2 3.3 4.2 2.21 1.41 3.6 0.0 3.6 0.62
3 4.1 5.2 2.75 1.73 4.3 0.0 4.3 0.64
4 4.8 6.0 3.22 2.00 5.0 0.0 5.0 0.64
5 5.5 6.9 3.69 2.24 5.6 0.0 5.6 0.66
7 6.6 8.3 4.43 2.65 6.5 0.0 6.5 0.68
10 8.0 10.1 5.37 3.16 7.7 0.0 7.7 0.70
14 9.6 12.1 6.44 3.74 9.2 0.2 9.1 0.71
20 11.7 14.7 7.85 4.47 11.0 0.2 10.9 0.721
27 13.7 17.2 9.19 5.20 12.5 0.2 12.4 0.74
35 15.7 19.7 10.53 5.92 14.6 0.6 14.3 0.74
45 17.9 22.5 12.01 6.71 17.1 1.0 16.6 0.72
55 19.9 25.0 13.35 7.42 19.0 1.2 18.4 0.73
65 21.6 27.2 14.49 8.06 20.6 1.2 20.0 0.72
76 23.5 29.6 15.77 8.72 22.3 1.2 21.7 0.73
90 25.7 32.3 17.24 9.49 24.0 1.0 23.5 0.73
105 27.8 35.0 18.65 10.25 25.8 1.1 25.3 0.74
120 29.9 37.6 20.06 10.95 27.8 1.3 27.2 0.74
137 32.1 40.4 21.54 11.70 29.7 1.4 29.0 0.74
150 33.6 42.3 22.54 12.25 31.0 1.5 30.3 0.75
167 35.6 44.8 23.89 12.92 32.5 1.3 31.9 0.75
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-*-Infitration --- Front Advance
2
* Infiltration I, cc/cm2
4 6 8 10




Gs rd, g/cc e n
2.65 1.67 0.587 0.370
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
no air intake on top of chamber
interface grid changed - steel, 1mm.
construction work on Mem Dr.
caused the scale to oscilate-0.1 g max
at 27 min - ring formed 2 mm ahead




- X, cm X = 2.4637sqrt t + 0.0408
R2 = 0.9998
S =1.8721/2.4637 = 0.760






Test NL 3t, min Mi, g Vi, cc 1, cm sqrt t Xmax AX, cm X, cm S
0.0 0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.00
0.5 1.6 2.0 1.09 0.71 2.0 0.0 2.0 0.54
1.0 2.5 3.1 1.70 1.00 2.5 0.0 2.5 0.67
1.5 3.1 3.9 2.11 1.22 3.4 0.1 3.4 0.62
2.0 3.6 4.5 2.45 1.41 3.9 0.1 3.9 0.63
2.5 4.1 5.2 2.79 1.58 4.2 0.0 4.2 0.65
3 4.5 5.7 3.06 1.73 4.5 0.0 4.5 0.67
4 5.1 6.4 3.47 2.00 -5.2 0.1 5.2 0.66
5 5.7 7.2 3.88 2.24 5.8 0.1 5.8 0.67
7 6.8 8.6 4.62 2.65 6.9 0.2 6.8 0.6
10 8.2 10.3 5.58 3.16 8.0 0.2 7.9 0.70
14 9.7 12.2 6.60 3.74 9.5 0.3 9.4 0.70
20 11.7 14.7 7.96 4.47 11.1 0.4 10.9 0.72
27 13.7 17.2 9.32 5.20 13.0 0.5 12.8 0.72
35 15.7 19.7 10.68 5.92 14.7 0.5 14.5 0.731
45 17.9 22.5 12.17 6.71 16.5 0.4 16.3 0.74
55 19.8 24.9 13.47 7.42 18.3 0.5 18.1 0.74
65 21.6 27.2 14.69 8.06 19.6 0.4 19.4 0.75
76 23.2 29.2 15.78 8.72 21.7 0.6 21.4 0.73
90 25.5 32.1 17.34 9.49 23.8 0.4 23.6 0.72
106 27.8 35.0 18.91 10.30 25.8 0.6 25.5 0.73
120 29.6 37.2 20.13 10.95 27.5 0.6 27.2 0.73
date: 1/9/2000
Gs Ird, g/cc le In
2.65 1.68 0.574 0.365
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
no air intake on top of chamber
at 27 min - slight notch on top.
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2
* Infiltration I, cc/cm2
4 6
U Front advance X, cm
8 100











X = 2.4363sqrt t + 0.2047
R2= 0.9994
S = 1.8443/2.4363 = 0.757
1 = 1.8443 sqrt t - 0.1904















Test NL 4t, min Mi, g Vi, cc I, cm sqrt t Xmax AX, cm X, cm S
0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 1.8 2.3 1.2 0.71 2.4 0.0 2.4 0.50
1.0 2.7 3.4 1.8 1.00 3.2 0.0 3.2 0.57
1.5 3.4 4.3 2.3 1.22 3.7 0.0 3.7 0.62
2.0 3.9 4.9 2.6 1.41 4.2 0.0 4.2 0.62
2.5 4.4 5.5 3.0 1.58 4.7 0.0 4.7 0.63
3 4.8 6.0 3.3 1.73 5.1 '0.0 5.1 0.631
4 5.6 7.0 3.8 2.00 5.9 0.0 5.9 0.64
5 6.2 7.8 4.2 2.24 6.6 0.0 6.6 0.63
7 7.4 9.3 5.0 2.65 7.8 0.1 7.75 0.64
10 8.9 11.2 6.0 3.16 9.3 0.2 9.2 0.65
14 10.6 13.3 7.2 3.74 11.0 0.2 10.9 0.65
20 12.8 16.1 8.7 4.47 13.1 0.3 12.95 0.66
31 16.1 20.3 10.9 5.57 16.1 0.3 15.95 0.68
45 19.7 24.8 13.4 6.71 19.5 0.5 19.25 0.69
55 21.7 27.3 14.7 7.42 21.7 0.5 21.45 0.68
65 23.2 29.2 15.7 8.06 23.7 0.7 23.35 0.67
76 25.2 31.7 17.1 8.72 25.6 1.0 25.1 0.67
90 28.2 35.5 19.1 9.49 28.0 1.4 27.3 0.69
105 30.6 38.5 20.8 10.25 30.0 1.3 29.35 0.70
120 32.9 41.4 22.3 10.95 31.9 1.4 31.2 0.71
135 35.0 44.0 23.7 11.62 33.8 1.3 33.15 0.71
150 37.0 46.5 25.1 12.25 35.5 1.0 35 0.71
165 39.0 49.1 26.5 12.85 37.3 1.3 36.65 0.71




0 20 40 60 80 100 120 140 160 180 20C
+ Infitration -- Front Advance
4 6 8
E Front Advance - LInear - I
10
- Linear - X
date: 2/9/2000
Gs rd, g/cc e n
2.65 1.68 0.577 0.366
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
lighter ring of sand(dryer) at 16.5 cm,




X, cm X =2.841sqrt t + 0.235
R2 = 1.000
S = 2.063/2.841 = 0.725







t, min Mi, g Vi, cc I, cm sqrt t Xmax AX, Cm X, cm S
0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 1.6 2.0 1.1 0.71 2.2 0.0 2.2 0.49
1.0 2.4 3.0 1.6 1.00 2.9 0.0 2.9 0.561
1.5 3.0 3.8 2.1 1.22 3.5 0.0 3.5 0.58
2.0 3.5 4.4 2.4 1.41 4.0 0.0 4 0.59
2.5 3.9 4.9 2.7 1.58 4.5 0.0 4.5 0.58
3.0 4.3 5.4 2.9 1.73 4.8 0.0 4.8 0.60
4.0 5.0 6.3 3.4 2.00 . 5.6 0.4 5.4 0.62
5.0 5.6 7.0 3.8 2.24 6.5 0.5 6.25 0.60
7.0 6.6 8.3 4.5 2.65 7.2 0.2 7.1 0.62
10.0 8.0 10.1 5.5 3.16 9.0 0.6 8.7 0.62
14.0 9.5 11.9 6.5 3.74 11.0 1.0 10.5 0.61
20.0 11.4 14.3 7.8 4.47 13.0 1.2 12.4 0.62
27.0 13.3 16.7 9.1 5.20 15.0 1.5 14.25 0.63
35.0 15.2 19.1 10.4 5.92 16.8 1.3 16.15 0.63







Gs Ird, g/cc le n
2.65 1.69 0.568 0.362
Notes:
Packing: pluviation, 7/64*+tapping


































- X =2.682sqrt t + 0.201
R 2 = 0.999
S = 1.792/2.682 = 0.668




t, min mas vol, cc 1i, cc/cr sqrt(t) X, cm AX, cm X, cm IS
0 0.0 0.0 0.00 0.00 0.0 0.0 0 0.00
3 2.5 3.1 1.70 1.73 3.6 0.2 3.5 0.49
5 3.0 3.8 2.05 2.24 4.5 0.4 4.3 0.48
7 3.5 4.4 2.39 2.65 5.2 0.4 5 0.48
10 4.2 5.3 2.86 3.16 6.1 0.5 5.85 0.49
15 5.1 6.4 3.48 3.81 7.1 0.7 6.75 0.52
20 6.2 7.8 4.23 4.47 8.2 1.2 7.6 0.56
27 7.4 9.3 5.05 5.20 9.4 0.7 9.05 0.56
35 8.6 10.8 5.87 5.92 10.6 0.9 10.15 0.58
45 9.9 12.5 6.75 6.71 11.9 1.1 11.35 0.59
51 10.7 13.5 7.30 7.14 12.7 1.0 12.2 0.60
65 12.3 15.5 8.39 8.06 14.0 1.0 13.5 0.62
75 13.4 16.9 9.14 8.66 15.1 1.2 14.5 0.63
90 14.8 18.6 10.09 9.49 16.7 1.5 15.95 0.63
105 16.2 20.4 11.05 10.25 17.9 1.5 17.15 0.64




Isand 2/Ard, g/cc le n
2.65 1.69 0.571 0.364
Notes:
Packing: pluviation, 7/64"+tapping





0 20 40 60 80 100 120
-- Infitration -U- Front Advance
1, cc/cm2
X, cm
X = 1.6221sqrt t + 0.5215
R2 = 0.9989
S = 1.1056/1.6221 =0.682






M Front Advance - Linear - I
10


















t, min mas vol, cc I, cc/c sqrt(t) x, cm Dx, cm X, cm S
0.0 0.0 0.0 0.00 0.00 0.0 0.0 0 0.00
0.5 0.8 0.9 0.50 0.71 1.6 0.0 1.6 0.31
1.0 1.2 1.5 0.81 1.00 2.0 0.0 2 0.40
1.5 1.5 1.9 1.01 1.22 2.4 0.0 2.4 0.42
2.0 1.7 2.1 1.14 1.41 2.8 0.0 2.8 0.41
2.5 2 2.5 1.34 1.58 3.0 0.0 3 0.45
3 2.3 2.9 1.54 1.73 3.4 0.0 3.4 0.45
4 2.7 3.4 1.81 2.00 3.7 0.0 3.7 0.49
5 3.1 3.9 2.08 2.29 4.2 0.0 4.2 0.50
7 3.6 4.5 2.42 2.65 4.8 0.1 4.75 0.51
10 4.4 5.5 2.95 3.20 5.7 0.2 5.6 0.531
14 5.4 6.8 3.62 3.74 6.5 0.2 6.4 0.571
21 6.7 8.4 4.50 4.53 7.5 0.3 7.35 0.61
27 7.8 9.8 5.23 5.20 8.8 0.3 8.65 0.61
35 9.2 11.6 6.17 5.92 10.0 0.5 9.75 0.63
46 10.7 13.5 7.18 6.78 11.5 0.5 11.25 0.
55 11.9 15.0 7.98 7.42 12.8 0.7 12.45 0.641
65 13.0 16.4 8.72 8.06 13.7 1.0 13.2 0.66
75 14.1 17.7 9.46 8.66 14.8 2.0 13.8 0.69








Gs Ird, g/cc le In
2.65 1.67 0.588 0.370
Notes:
Packing: pluviation, 7/64*+tapping
Soltrol 220, r = 0.795 glcc
front straight and very vertical until
t = 75 minutes, bototm lagging.






0 50 100 150 200










* Infiltration U Front Advance
12





X, cm X = 1.5538sqrt t + 0.5353
R2 = 0.9986
S = 1.2118/1.5538 = 0.78
1 =1. 1218sqrt t -






t, min Mi, g Vi, cc I, cm sqrt t Xmax AX, C X, cm S
0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 3.4 4.3 2.2 0.71 3.5 0.0 3.5 0.66
1.0 5.2 6.5 3.4 1.00 5.0 0.0 5 0.71
1.5 6.5 8.2 4.2 1.22 5.9 0.0 5.9 0.75
2.0 7.6 9.6 5.0 1.41 6.8 0.0 6.8 0.76
2.8 8.9 11.2 5.8 1.66 8.0 0.0 8 0.76
3.0 9.5 11.9 6.2 1.73 8.5 0.0 8.5 0.761
4.0 10.9 13.7 7.1 2.00 9.7 0.1 9.65 0.77
5.0 12.4 15.6 8.1 2.24 10.9 0.2 10.8 0.78
7.0 14.5 18.2 9.5 2.65 12.8 0.2 12.7 0.78
10.0 17.6 22.1 11.5 3.16 15.4 0.4 15.2 0.79
14.3 21.1 26.5 13.8 3.77 18.0 0.2 17.9 0.80
18.0 24.0 30.2 15.7 4.24 20.5 0.5 20.25 0.81
22.0 26.6 33.5 17.4 4.69 22.4 0.6 22.1 0.82
26.0 28.9 36.4 18.9 5.10 24.5 0.8 24.1 0.82
30.0 31.0 39.0 20.3 5.48 26.1 0.8 25.7 0.82
35.0 33.5 42.1 21.9 5.92 28.2 0.9 27.75 0.82
40.0 35.8 45.0 23.4 6.32 30.1 1.1 29.55 0.83
45.0 38.0 47.8 24.8 6.71 32.0 1.3 31.35 0.83
50.0 40.2 50.6 26.3 7.07 33.6 1.3 32.95 0.83
55.0 42.1 53.0 27.5 7.42 35.2 1.4 34.5 0.83










Gs E rd, ac 1 e 0 n
2.65 1.64 0.612 0.380
Notes:
Packing: pluviation, 7/64"+tapping
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* Infiltration 1, cc/cm2
2 83 4 5 6 7





X, cm X = 4.734sqrt(t) + 0.2067
R2 = 0.9999
S = 3.7565/4.734=0.797







t, min reg. corr. Vi, cc 1, cm sqrt t Xmax Xc X, cm S
0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 1.1 1.1 1.4 0.7 0.71 2.5 0.0 2.5 0.29
1.0 2.0 2.0 2.5 1.3 1.00 3.2 0.0 3.2 0.40
2.0 3.3 3.3 4.2 2.1 1.41 4.2 0.2 4.1 0.52
3.0 4.3 4.3 5.4 2.8 1.73 5.0 0.5 4.75 0.58
5.0 5.9 5.9 7.4 3.8 2.24 6.5 0.5 6.25 0.61
7.0 7.2 7.2 9.1 4.6 2.65 7.7 0.7 7.35 0.63
10.0 8.7 8.7 10.9 5.6 3.16 9.1 1.0 8.6 0.65
17.0 11.6 11.6 14.6 7.5 4.12 11.5 1.0 11 0.68
25.0 14.2 14.2 17.9 9.2 5.00 13.5 1.3 12.85 0.71
36.0 16.9 16.9 21.3 10.9 6.00 16.0 1.5 15.25 0.71
50.0 20.1 20.1 25.3 13.0 7.07 18.5 1.5 17.75 0.73
70.0 24.6 23.6 29.7 15.2 8.37 21.5 1.5 20.75 0.73
202.0 52.6 45.1 56.7 29.1 14.21 39.0 1.5 38.25 0.761
255.0 64.0 53.9 67.8 34.7 15.97 43.0 1.5 42.25 0.82







Gs Ird, g/cc le In
2.65 1.63 0.626 0.385
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
open channel test, eddy front
Leak discovered. 10.7 g collected outside
of channel between 50 and 267 min.
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* Infiltration I, cc/cm2
8 10 12 14







X, cm X = 2.6471 sqrt t + 0.0573
R2 = 0.9981
S = 2.1836/2.6471 = 0.863






- , A - - i - - - i - - - - - - - -1
Test NL 10t, min Mi, g Vi, cc I, cm sqrt t Xmax AX, c X, cm S
0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 1.6 2.0 1.0 0.71 2.2 0.0 2.2 0.50
1.0 2.5 3.1 1.6 1.00 3.8 0.0 3.8 0.451
1.5 2.8 3.5 1.8 1.22 4.4 0.0 4.4 0.43
2.0 3.4 4.3 2.2 1.41 4.7 0.0 4.7 0.49
3.0 4.5 5.7 2.9 1.73 6.0 0.5 5.75 0.53!
4.0 5.2 6.5 3.3 2.00 6.5 0.7 6.15 0.58
5.5 6.3 7.9 4.0 2.35 7.2 0.6, 6.9 0.62
7.0 7.2 9.1 4.6 2.65 8.0 0.5 7.75 0.63
37.0 18.2 22.9 11.5 6.08 17.0 1.3 16.35 0.76
48.0 21.0 26.4 13.3 6.93 19.0 1.5 18.25 0.78
60.0 23.6 29.7 15.0 7.75 21.0 1.5 20.25 0.79
75.0 26.3 33.1 16.7 8.66 23.0 1.5 22.25 0.81
90.0 29.0 36.5 18.4 9.49 25.5 2.0 24.5 0.81
145.0 36.8 46.3 23.3 12.04 31.0 2.0 30 0.84
190.0 41.8 52.6 26.5 13.78 36.0 2.0 35 0.81
223.0 45.2 56.9 28.6 14.93 39.0 2.0 38 0.81
257.0 48.5 61.0 30.7 16.03 41.5 2.0 40.5 0.82
292.0 51.6 64.9 32.7 17.09 44.0 3.0 42.5 0.83
330.0 54.8 68.9 34.7 18.17 47.0 2.0 46 0.81












8 10 12 14 16
advance - Linear - I - Linear - X
date: 14/2/2001
Gs rd, g/cc e n
2.65 1.61 0.646 0.392
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
square column test






















X = 2.4544sqrt t + 1.0816
R2 = 0.9994
S = 1.9431/2.4544 = 0.792


















Test NL 11t, min Mi, g Vi, , cm sqrt t Xmax AX, Cr X, c S
0.0 0.0 0.0 0.0 0.00 0.0 0.0 0 0.00
0.5 1.0 1.3 0.6 0.71 2.0 0.0 2 0.34
1.0 1.9 2.4 1.2 1.00 2.8 0.0 2.8 0.46
1.5 2.7 3.4 1.7 1.22 3.4 0.0 3.4 0.
2.0 3.3 4.2 2.1 1.41 3.8 0.0 3.8 0.59
3.0 4.4 5.5 2.8 1.73 4.5 0.0 4.5 0.67
4.0 5.3 6.7 3.4 2.00 5.1 0.2 5 0.72
5.5 6.1 7.7 3.9 2.35 5.7 0.2 5.6 0.74
7.0 7.5 9.4 4.8 2.65 6.8 0.3 6.65 0.77
10.0 9.2 11.6 5.9 3.16 8.0 0.5 7.75 0.81
15.0 11.6 14.6 7.5 3.87 9.6 0.6 9.3 0.85
22.0 14.3 18.0 9.2 4.69 11.7 0.7 11.4 0.86
30.0 17.5 22.0 11.3 5.48 13.5 1.0 13 0.92
40.0 20.3 25.5 13.1 6.32 15.5 1.0 15 0.92
105.0 29.9 37.6 19.3 10.25 25.0 2.0 24 0.85
141.0 34.6 43.5 22.3 11.87 29.0 3.0 27.5 0.86
181.0 39.2 49.3 25.3 13.45 32.0 2.0 31 0.86
241.0 45.6 57.4 29.4 15.52 36.2 1.0 35.7 0.87
309.0 52.0 65.4 33.5 17.58 41.0 1.5 40.3 0.88
360.0 56.4 70.9 36.4 18.97 44.0 1.0 43.5 0.88
date: 7/3/2001
Gs rd,g/cc e n
2.65 1.63 0.626 0.385
Notes:
Packing: pluviation, 7/64"+tapping
Soltrol 220, r = 0.795 g/cc
Tube column test





0 50 100 150 200 250 300 350 40C








- Linear - X
1,cm
X, cm
X = 2.2701 sqrt t + 0.5023
R2 = 0.9999
S = 1.9272/2.2701 =0.848









Measurements and Interpretation of Wetting Front Infiltration in Soils
Appendix III.
Ponded Infiltration Test PI 1,
Capillary Rise Test C1,
New Jersey Fine Sand and Water
- 159 -
t, min Mi, lv,cc/cm2 sgrt(t) H, cm S
0.0 0.0 0.00 0.00 0.0 0.00
1.0 6.2 3.18 1.00 8.0 0.40
2.0 10.3 5.28 1.41 11.0 0.48
3.0 12.4 6.36 1.73 12.0 0.53
4.0 14.5 7.43 2.00 14.0 0.53
5.0 16.2 8.30 2.24 15.0 0.55
7.0 19.3 9.89 2.65 16.8 0.59
10.0 22.9 11.74 3.16 -19.2 0.61
14.0 27.5 14.10 3.74 22.0 0.64
22.0 33.2 17.02 4.69 25.5 0.67
30.5 37.9 19.43 5.52 29.0 0.67
49.0 45.3 23.22 7.00 33.0 0.70
67.0 51.1 26.19 8.19 36.0 0.73
87.0 56.2 28.81 9.33 38.0 0.76






NJFS g/cc le In
2.65 1.63 0.626 0.385
Notes:
Packing: pluviation,




Capillary rise after 26 hours:
55 cm



















40 4510 15 20 25 30 35
.
0 5
t, min vol, cc lz, cc/cm2 sgrt(t) Z, cm S AZ, cm
0.0 0.0 0.00 0.00 0.0 0.00 0.0
0.5 4.2 2.18 0.71 4.5 0.50 0.0
1.0 6.4 3.32 1.00 5.8 0.59 0.0
1.3 7.7 4.00 1.12 6.5 0.63 0.0
1.5 8.6 4.47 1.22 7.4 0.62 0.0
1.8 9.9 5.14 1.32 8.0 0.66 0.0
2.0 10.9 5.66 1.41 8.8 0.66 0.0
3.0 14.6 7.58 1.73 11.0 0.72 0.5
4.0 17.6 9.14 2.00 13.0 0.75 1.0
5.0 20.4 10.59 2.24 15.0 0.75 1.0
7.0 25.6 13.30 2.65 18.5 0.75 1.0
10.0 32.4 16.83 3.16 23.5 0.76 1.5
14.0 40.4 20.98 3.74 28.5 0.78 2.0
18.0 47.2 24.51 4.24 33.5 0.78 3.0
22.0 53.9 27.99 4.69 37.5 0.79 3.0
2 31.27 5.10 42.0 0.79 3.0
30.0 66.4 34.49 5.48 46.5 0.78 2.5
35.0 73.3 38.07 5.92 50.5 0.79 2.5
40.0 80.4 41.76 6.32 55.0 0.79 2.5
45.0 87.1 45.24 6.71 60.0 0.79 2.5
47.0 90.1 46.79 6.86 62.0 0.79 2.51
Test PI 1 water
date: 14/9/2000
Isand 2/ rd, g/cc e n
2.65 1.64 0.612 0.380
Notes:
Packing: pluviation, 7/64"+tappir
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